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I 
FOREWORD 

The work descr ibed  h e r e i n  i s  being performed by t he  General 
E l e c t r i c  Company under the  sponsorship of t he  Nat ional  Aeronautics 
and Space Adminis t ra t ion under Contract  NAS 3-2534. Its  purpose,  
as o u t l i n e d  i n  the  c o n t r a c t ,  i s  t o  eva lua te  materials s u i t a b l e  f o r  
potassium lub r i ca t ed  jou rna l  bear ing  and s h a f t  combinations f o r  
u s e  i n  space system turbogenera tors  and, u l t i m a t e l y ,  t o  recommend 
those  materials most appropr ia te  f o r  such employment. 

R.  G. Frank, Manager, Phys ica l  Metallurgy, Ma te r i a l s  and 
Processes ,  i s  adminis te r ing  the  program f o r  t he  General E l e c t r i c  
Company. L. B. Engel,  Jr., D. N. Miket ta ,  T. F. Lyon, W. H. 
Hendrixson and E. M, Bamberger a r e  d i r e c t i n g  the  program i n v e s t i -  
ga t ions .  The des ign  f o r  t he  f r i c t i o n  and wear terter i s  being 
executed by H. H. E rns t .  

R.  L. Davies of t he  National Aeronautics and Space Adminis t ra t ion 
i s  the  t e c h n i c a l  manager f o r  t h i s  s tudy.  
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I. INTRODUCTION 

This report covers the initial phase of a program, extending 
from April 22, 1963 to July 22, 1963, to evaluate materials 
suitable f o r  potassium lubricated journal bearing and shaft appli- 
cations in turboelectric space power generating systems operating 
over a 400°F to 1600°F temperature range. 
bearings in such systems demands the maximum reliability attainable 
within today's state-of-the-art. Achieving this reliability re- 
quires an interdisciplinary approach utilizing the best mechanical 
designs of journal bearings combined with the selection of the 
optimum materials to serve as the structural members. Satisfying 
this latter requirement constitutes the aim of this program. 

The critical role of 

A number of investigators have conducted studies in this field 
and their contributions have advanced the state-of-the-art con- 
siderably." Although their work is significant, there are no 
common criteria f o r  a comparison of the existing data, Therefore, 
establishing a unified approach to the development and evaluation 
of materials f o r  potassium lubricated bearing application is 
deemed essential. The program involves a comprehensive investiga- 
tion of material properties adjudged requisite to reliable journal 
bearing operation in the proposed environment. This includes: 1) 
corrosion testing of individual materials and potential bearing couples 
in potassiur! liquid and vapor, 2) determination of hot hardness, hot 
compressive strength, modulus of elasticity, thermal expansion and 
dimensional stability characteristics, 3) wetting tests by potassium, 
and 4) friction and wear measurements of selected bearing couples 
in high vacuum and in liquid potassium. 

In cooperation with the cognizant NASA technical manager, can- 
didate materials will be selected from a compilation of existing 
data on avialable materials. The materials reviewed fall into four 
board categories : 

Superalloys and refractory alloys with and 
without surface treatment. * 

e Commercial metal bonded carbides. 

Refractory compounds such as stable oxides, 
carbides, borides and -nitrides. 

*See Section VIII. Bibliography 
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Cermets based on the refractory metals 
and stable carbides. 0 

Each material will be procured from appropriate suppliers to 
mutually acceptable specifications and subsequently subjected to 
chemical, physical and metallurgical analyses to document its 
characteristics before utilization in the program. After the 
documentation of processes and properties, the candidate materials 
will undergo corrosion, dimensional stability, thermal expansion, 
compression and hot hardness testing. Considering the bearing 
material requirements and the preliminary information obtained on 
materials subjected to both potassium and non-potassium testing, 
a number of materials combinations will be selected in cooperation 
with and subject to the approval of the NASA technical manager. 
Potassium corrosion and wetting tests and friction and wear measure- 
ments in high vacuum and liquid potassium will then proceed with 
these materials combinations. 

The ultimate product of this program will be a recommendation, 
substantiated with complete documentation, of those materials which 
have the greatest potential for use in alkali metal journal bear- 
ings in high speed, high temperature, rotating machinery for space 
applications. Hopefully, the results will indicate the future 
course of alloy or material development specifically designed f o r  
alkali metal lubricated journal bearing and shaft combinations. 
Recommendations will also be made on the application of this pro- 
gram to the development of journal bearings and shafts that will 
operate reliably over extensive periods of time. 

-2- 



11. SUMMARY 

An i n i t i a l  compilat ion of chemical,  mechanical and phys ica l  
p r o p e r t i e s  of s e l e c t e d  materials, r ep resen t ing  seven major classes 
of m a t e r i a l s ,  w a s  completed from d a t a  obtained from the  l i t e r a t u r e  
and from materials producers.  From t h i s  review, 35 m a t e r i a l s  were 
recommended t o  be considered f o r  i nc lus ion  i n  the  test program. 
Although the  candidate  m a t e r i a l s  were compared aga ins t  a l i s t  of 
p r o p e r t i e s  and c h a r a c t e r i s t i c s  t h a t  were considered important w i t h  
r e s p e c t  t o  jou rna l  bear ing  ope ra t ion ,  the s e l e c t i o n  of the  s p e c i f i c  
m a t e r i a l s  was made p r imar i ly  on the  basis of e i t h e r  chemistry,  
p r o d u c i b i l i t y  o r  some s p e c i f i c  proper ty  t h a t  i s  inhe ren t  i n  a 
p a r t i c u l a r  material. 

Prel iminary test p l a n s  f o r  t he  co r ros ion ,  ho t  hardness ,  com- 
p r e s s i o n ,  thermal expansion, dimensional s t a b i l i t y  and f r i c t i o n  
and wear i n v e s t i g a t i o n s  and f o r  the  p u r i f i c a t i o n  and ana lyses  of 
potassium were prepared f o r  submission t o  NASA f o r  review and 
approval .  P lans  f o r  we t t ing  tests and f r i c t i o n  and wear measure- 
ments w i t h  l i q u i d  potassium are i n  p repa ra t ion  and w i l l  be sub- 
mi t ted  a t  a la ter  da te .  

Of the  t h r e e  vacuum test f a c i l i t i e s  being purchased f o r  the  
program by General Electr ic ,  two have been received and i n s t a l l e d ;  
drawings of t he  t h i r d  u n i t  have been s e n t  to  vendors f o r  quota t ions .  
One of t he  vacuum systems, to  be used f o r  t h e  cor ros ion  inves t iga -  
t i o n ,  c o n s i s t s  of a bakeable 24-inch diameter  x 54-inch high 
chamber with a l O O O & s e c  ge t t e r - ion  pumping system which has been 
checked o u t  i n  the  10-l' t o r r  range. 
be used f o r  the  f r i c t i o n  and wear inves t iga t ion , , cons i s t s  of a 
bakeable 18-inch diameter  x 30-inch high chamber, a l s o  wi th  a 
lOOO.&/sec ge t t e r - ion  pumping system. Checkout tests on t h i s  
vacuum system are i n  progress .  The t h i r d  sys t em,  t o  be used f o r  
t h e  compression tests, w i l l  c o n s i s t  of a s p e c i a l l y  designed vacuum 
chamber and load t r a i n  with a mechanical s t r a i n  measuring system. 

Thesecond vacuum system, t o  

Considerable e f f o r t  was devoted t o  the  design of the  vacuum 
f r i c t i o n  and wear test appara tus  t o  meet the  requi red  test  con- 
d i t i o n s :  
s u r f a c e  speed,  5000 sfm; l oad ,  t o  0.2% y i e l d  s t r e n g t h  (he r t z i an ) .  
The des ign ,  i nc lud ing  assembly drawings,  has been completed. 
Also,  the  des ign  f o r  t h e  load t r a i n  f o r  the  compression tests and 
t h e  capsule  and furnace  arrangement f o r  t he  cor ros ion  inves t iga -  
t i o n  has  been i n i t i a t e d ,  

maximum temperature ,  1600°F; vacuum, 1 x lo-' t o r r ;  - 
-3- 



111, MATERIALS SEUCTION 

A search  of t he  l i t e r a t u r e  w a s  i n i t i a t e d  t o  augment e x i s t i n g  
information a v a i l a b l e  t o  the  program. A computer run u t i l i z i n g  
t h e  General E l e c t r i c  Automatic Information R e t r i e v a l  System 
r e a l i z e d  140 a b s t r a c t s  covering the  s t u d i e s  of f r i c t i o n  and wear 
and hot  hardness  c h a r a c t e r i s t i c s  of bear ing ma te r i a l s .  The bib- 
l iography included is  a l i s t i n g  of t he  most p e r t i n e n t  work 
uncovered. 

A r ev iew of t he  work completed i n d i c a t e s  t h a t  a number of in -  
v e s t i g a t o r s  have demonstrated the  good p o t e n t i a l  of t he  l i q u i d  
a l k a l i  metals t o  provide boundary l u b r i c a t i o n  and hydrodynamic 
a c t i o n  i n  j o u r n a l  bearings.  74-85 
t r e m e l y  low v i s c o s i t y  of %he l i q u i d  a l k a l i  metals, i .e. ,  1 c e n t i -  
po i se  versus  1 0  to  1000 cen t ipo i se  of l u b r i c a t i n g  o i l s ,  boundary 
l u b r i c a t i o n  w i l l  probably occur and some s l i d i n g  con tac t  between 
t h e  bear ing and jou rna l  must be expected. Consequently, the 
t h e o r i e s  of Bowden and Tabor87 on the  s l i d i n g  con tac t  of s o l i d s  
and, :Later, t he  t h e o r i e s  of Coffinr16 on the  s l i d i n g  con tac t  of 
s o l i d s  i n  sodium w e r e  considered i n  making the  recommendations 
for t he  s e l e c t i o n  of m a t e r i a l s  f o r  t he  program. 

However, becauae of the  ex- 

Two of the  most important f a c t o r s  t o  cons ider  i n  s e l e c t i n g  
m a t e r i a l s  f o r  a potassium lub r i ca t ed  j o u r n a l  bear ing  are: 

1) The tendency f o r  t he  s l i d i n g  materials t o  
a1 loy " I f  

2) The e f f e c t  of t he  potassium environment on the  
su r face  chemistry of t he  bear ing materials. 

The f irst  f a c t o r  i s  based on the  molecular theory of f r i c t i o n  
where adhesion (or cohesion)  can produce l o c a l  welding of the 
mating a s p e r i t i e s  of the s l i d i n g  ma te r i a l s .  The amount of bulk 
o r  i n t e r f a c i a l  t e a r i n g  t h a t  occu r s ,  then ,  determines the  
f r i c t i o n a l  energy. Since i n t e r f a c i a l  t e a r i n g  gene ra l ly  r e s u l t s  
i n  l ess  wear than  base m e t a l  t e a r i n g ,  mating m a t e r i a l s  w i t h  
high cohesive s t r e n g t h s  and low adhesive s t r e n g t h s  should be 
s e l e c t e d  f o r  b e s t  performance, One method t h a t  has  been used 
t o  p r e d i c t  the  adhesive s t r e n g t h  of two m a t e r i a l s  i s  t o  deter- 
mine the  degree of we t t ing  of one ma te r i a l  aga ins t  t he  o t h e r ,  
where a ze ro  con tac t  angle  r ep resen t s  good adhesion and a 180' 
con tac t  angle  r ep resen t s  poor adhesion. 

(74-85)Nu~bers  r e f e r  t o  r e fe rences  i n  Bibl iography,  Sec t ion  V I I I .  
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To minimize the  adhesion between two mating materials, i d e a l l y  
t h e  m a t e r i a l s  should have a low s o l u b i l i t y  i n  one another  and no 
tendency t o  form compounds. I f  a compound is  formed, i t , t o o , s h o u l d  
have a low s o l u b i l i t y  i n  the  s u b s t r a t e  and, i n  a d d i t i o n ,  a low 
s t r e n g t h  l e v e l  i n  comparison t o  t h a t  of the  base m a t e r i a l s .  I n  
o t h e r  words, increased  su r face  damage would be expected as the  
tendency t o  a l l o y ,  i .e. ,  increased s o l u b i l i t y  and formation of 
s t r o n g  compounds, increases .  Because of the  importance of t h i s  
f a c t o r ,  obviously a l i s t  of i nd iv idua l  m a t e r i a l s  cannot be 
s e l e c t e d  without  cons ider ing  the  poss ib l e  jou rna l  bear ing  com- 
b i n a t i o n s .  

The second f a c t o r ,  i.e., potassium environment, i s  important  
from the  s tandpoin t  of cor ros ion  and how the  cor ros ion  r e a c t i o n  
and/or products  w i l l  a f f e c t  t he  su r face  chemistry,  su r f ace  con- 
d i t i o n  and the  adhesion o r  s t r eng th  of the bond between the  mating 
su r faces .  Corrosion r e a c t i o n s  can inf luence  the  su r face  f i n i s h  
by the  formation o r  removal of p r o t e c t i v e  f i l m s  and by i n t e r -  
g ranu la r  a t t a c k  or  s e l e c t i v e  a t t a c k  along c e r t a i n  c r y s t a l l o g r a p h i c  
p lanes .  The s t r e n g t h  of t he  m a t e r i a l s  a t  t he  su r face  can be 
a f f e c t e d  de t r imen ta l ly  by s e l e c t i v e  leaching  of a l l o y i n g  elements.  
A major b e n e f i t  der ived from the  presence of t he  potassium w i l l  be 
i t s  cool ing  e f f e c t  i n  reducing the  i n t e r f a c i a l  temperature between 
the  s l i d i n g  sur faces .  This i s  important when cons ider ing  hardness 
and s t r e n g t h  of the  su r face  l a y e r s  a s  w e l l  a s  t he  ex i s t ence  of a 
t r a n s i t i o n  temperature from shear a c t i o n  t o  welding of t he  a s p e r i t i e s .  
The l a t t e r  i s  of concern e s p e c i a l l y  i f  lower melt ing p o i n t  m a t e r i a l s  
a r e  considered.  The in f luence  of p o s s i b l e  cor ros ion  i n t e r a c t i o n  be- 
tween bear ing  combinations i n  the  presence of a columbium a l l o y  must 
a l s o  be considered i n  the  s e l e c t i o n  of t he  m a t e r i a l s  f o r  eva9uat ion 
i n  t h i s  program. 

I n  add i t ion  t o  the  two major cons idera t ion  c i t e d ,  s e v e r a l  o t h e r  
f a c t o r s  enumerated below w i l l  a f f e c t  t he  bear ing  performance and 
t h e  rate a t  which su r face  damage w i l l  occur. 

1) Dimensional S t a b i l i t y :  To maintain proper  c l ea rances ,  
dimensional changes caused by m e t a l l u r g i c a l  i n s t a b i l i t y  m u s t  be 
n e g l i g i b l e .  Also, thermal expansion c h a r a c t e r i s t i c s  between the  
bea r ing  and j o u r n a l  assembly must be considered f o r  t h e i r  e f f e c t  
on c learance  and wear-in.76 

2 )  Hardness: Genera l ly ,  a high hardness  a t  the  ope ra t ing  temper- 
a t u r e  is  considered desirable f o r  supe r io r  bear ing  performance. Not 
o n l y  i s  a h igher  load-carrying capac i ty  ind ica t ed  by a h igher  hard- 
n e s s  bu t  a l s o  a h igher  su r face  f i n i s h  i s  usua l ly  p o s s i b l e  wi th  the  
ha rde r  material. The better su r face  f i n i s h  r e s u l t s  i n  more uniform 
s u r f a c e  a r e a s  i n  con tac t  (fewer a s p e r i t i e s )  and, t h e r e f o r e ,  t h e r e  
i s  less tendency f o r  w e a r .  For bear ing  couples ,  i t  is  gene ra l ly  
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desirable t o  have one of the  materials harder  than t h e  o t h e r  t o  
f a c i l i t a t e  wear-in of t he  couple. I f  both materials are hard and 
b r i t t l e ,  the  low f r a c t u r e  s t r eng th  w i l l  cause f r a c t u r e  of t he  
weaker a s p e r i t i e s ;  the  r e s u l t a n t  d e b r i s  can cause severe  sur f  ace 
damage due t o  abrasion,.g? 

3) Melting Poin t :  The higher  t h e  mel t ing p o i n t ,  t he  lower 
the  atomic mobi l i ty  of t he  materials i n  the  i n t e r f a c i a l  layers 
w i l l  be ,  t he re fo re ,  favor ing  lower d i f f u s i o n  rates and less 
tendency t o  bond. 
setved t o  t r a n s f e r  t o  the  mating material due t o  t h e  l a r g e  
shear fo rce .  

S o f t ,  low melt ing p o i n t  metals have been ob- 

4 )  Compressive S t rength /Elas t ic  Modulus: A high compressive 
s t r e n g t h  and e l a s t i c  modulus a t  the  opera t ing  temperature w i l l  
permit  high loads  t o  be imposed without  p l a s t i c  deformation and 
w i t h  minimum e l a s t i c  deformation of t he  bulk material. 

5 )  Shear Strength:  A low shear s t r eng th  or, ra ther ,  a high 
compressive s t rength /shear  s t r e n g t h  r a t i o  i s  p re fe r r ed  t o  promote 
i n t e r f a c i a l  shear .  With b r i t t l e  materials, where p l a s t i c  de- 
formation cannot occur ,  a high shear  s t r eng th  is  d e s i r a b l e  t o  
prevent  d e b r i s  from causing damage due t o  abras ion .  

6 )  Thermal Conductivity:  A high thermal conduct iv i ty  w i l l  
f avo r  a more r ap id  d i s s i p a t i o n  of hea t  caused by f r i c t i o n  and 
thereby  f u r t h e r  minimizing t h e  tendency f o r  i n t e r f a c i a l  bonding 
by d i f fus ion .  

7 )  Wetting: Wetting of t h e  su r faces  of the bear ing/ journal  
b y  potassium w i l l  promote boundary l u b r i c a t i o n  and provide in -  
creased load-carrying capac i ty .  

8 )  Surface Finish:  The b e t t e r  t he  sur face  f i n i s h  of the 
harder  material of t he  bear ing couple ,  the less tendency the re  
w i l l  be f o r  the  t r ans feb  of t he  s o f t e r  material t o  t h e  harder  
ma te r i a l .  

9 )  O t h e r  Mechanical P rope r t i e s :  I n  gene ra l ,  t he  materials 
t o  be considered f o r  potassium lub r i ca t ed  jou rna l  bear ing  com- 
b i n a t i o n s  should have s u f f i c i e n t  impact s t r e n g t h  t o  withstand 
shock loading. Also,  high thermal and mechanical f a t i g u e  
s t r e n g t h s  are favored to  prevent  s p a l l i n g  and cracking of t he  
s u r f a c e  under cyc l ic  condi t ions  of load and temperature.  

10) Operating Conditions:  Low opera t ing  temperatures ,  low 
v e l o c i t i e s  and l i g h t  loads  favor  low d i f f u s i o n  rates of t he  
mating materials ac ross  t h e  i n t e r f a c e .  
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Two meetings* were he ld  a t  General Electric,  Evendale, Ohio, t o  
e s t a b l i s h  t h e  c r i t e r i a  by which t h e  candida te  materials are t o  be 
s e l e c t e d .  A s  a r e s u l t  of t h e s e  meetings and from t h e  cons ide ra t ions  
descr ibed  above, a l i s t  of p r o p e r t i e s  and c h a r a c t e r i s t i c s  t o  be 
used a s  a b a s i s  for t h e  s e l e c t i o n  of t h e  m a t e r i a l s  w a s  prepared 
and submitted t o  NASA f o r  review. 

In  an attempt t o  ob ta in  a s  much recent  da t a  as poss ib l e ,  l e t t e r s  
of i nqu i ry  were sen t  t o  twenty- three companies who have had experi-  
ence i n  producing m a t e r i a l s  of i n t e r e s t  t o  t h i s  program, The vendors 
were appr i sed  of t h e  m a t e r i a l s  c l a s s e s  t o  be inves t iga t ed ,  t h e  
p r o p e r t i e s  and c h a r a c t e r i s t i c s  t o  be used as a b a s i s  f o r  s e l e c t i o n  
and t h e  type  and number of specimens requi red  f o r  t h e  test  program. 
Also, t h e  vendors w e r e  requested t o  fu rn i sh  t e c h n i c a l  d a t a  t h a t  
were a v a i l a b l ?  f o r  each material they would want considered f o r  t h e  
program and any process ing  information t h a t  could be r e l eased  a s  
nonpropr ie ta ry .  Personal  v i s i t s  were made t o  twelve r e p r e s e n t a t i v e  
vendors for a more thorough d i scuss ion  of t h e  program, materials 
requirements,  processing d e t a i l s ,  p r o d u c i b i l i t y  and p r o p e r t i e s .  
Through these v i s i t s ,  reviewing numerous materials and ob ta in ing  
d a t a  on only those  m a t e r i a l s  of r e s p e c t i v e  i n t e r e s t  was poss ib l e .  
Even so, d a t a  w a s  obtained on approximately e igh ty  m a t e r i a l s  from 
four teen  vendors.  

The d a t a  obtained on many m a t e r i a l s ,  p a r t i c u l a r l y  those  of 
i n t e r e s t  f o r  a p p l i c a t i o n  i n  advanced space power systems, i .e . ,  
r e f r a c t o r y  metal bonded cermets, were q u i t e  l imi t ed .  In  those  
cases ,  approximation or genera l  l e v e l  behavior from a knowledge 
of t h e i r  chemistry or of s i m i l a r  m a t e r i a l s  w e r e  used. However, 
d a t a  were a v a i l a b l e  for  a number of p r o p e r t i e s  a t  room temperature ,  
which were common t o  most of t h e  materials, so t h a t  a comparative 
compilat ion i s  poss ib l e .  Although t h e  da t a  a t  e leva ted  temperature  
were t o o  exiguous t o  provide a basis f o r  comparison f o r  a l l  t h e  
m a t e r i a l s ,  where a v a i l a b l e ,  they can be used f o r  comparisons 
wi th in  one c l a s s  of m a t e r i a l s .  Searching t h e  l i t e r a t u r e  w i l l  be 
continued t o  compile a d d i t i o n a l  d a t a  on s p e c i f i c  m a t e r i a l s .  When 
t h e  l i t e r a t u r e  search  i s  completed, a t o p i c a l  r epor t  covering t h e  
r e s u l t s  w i l l  be  i ssued .  Because of t h e  l imi t ed  d a t a  i n  some 
a r e a s ,  modi f ica t ions  t o  t h e  i n i t i a l  l ist of p r o p e r t i e s  and 
c h a r a c t e r i s t i c s  were necessary;  Table I i s  t h e  r ev i sed  list of 
p r o p e r t i e s  f r o m  which ma te r i a l  comparisons were m a d e .  

*May 27, 1963 wi th  R.  L. Davies and J. 0. Joyce, NASA-Lewis 
Research Center  and June 6 ,  1963 wi th  D r .  L. Coff in ,  General  
E l e c t r i c ,  Research Laboratory.  



TABLE I: PROPERTIES/CHARACTERISTICS USED AS BASIS 
FOR COMPARISON OF CANDIDATE MATERIALS 

1. Chemistry 

2. Resistance to Corrosion by Potassium 
a. Solution 
b. Selective leaching 
c. Grain boundary attack 
d. Attack of select crystallographic planes 
e. Chemical reaction/compound formation with K 

3 .  Stability in Cb Alloy/K System 

4. Hardness 
a. Room temperature 
b. Elevated temperature 

5 .  Compressive Strength 
a. Room temperature 
b. Elevated temperature 

6. Tensile Strength 
a. Room temperature 
b. Elevated temperature 

7. Transverse-Rupture Strength 
a. Room temperature 
b, Elevated temperature 

8. Modulus of Elasticity 
a. Room temperature 
b. Elevated temperature 

9. Thermal Conductivity 

10. Wear 

11. Density 

12. Producibility or Lore 
a. Commercial status 
b. Reproducibility of properties 
c. Fabricable into complex shapes 
d. High surface finish capability 
e. Lack of porosity 

13. Method of Consolidation 
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Materials were reviewed for consideration as candidates for in- 
clusion in the program from the broad classes listed in Table 11. 
The specific materials were selected from each broad class for one 
or more of the following reasons: typical of a class, special 
chemistry, established good strength/hardness or chemical stability 
in potassium, commercially produced with reproducible properties 
and good densities (lack of porosity) and consideration of a proper 
balance between the various classes of materials. The candidate 
materials together with the data that were obtained using Table I 
are listed in Tables 111, IV and V. 

In presenting the data on the various candidate materials, it 
was desirable to consider both moderate and high temperature ranges 
of bearing operation so that a broader spectrum of materials, i.e., 
pure metals to hard metal compounds and ceramics, could be considered. 
An arbitrary temperature of 1000°F was chosen to distinguish moderate 
temperature from high temperatures. Arbitrary decisions were also 
made in two other areas. First, although thermodynamic data, Table 
VI, indicated a material was unstable in a columbium/potassium system, 
from kinetic considerations at the moderate temperature ( < 1000°F), 
the material was rated as stable. Second, when data were not avail- 
able from the vendor, the producibility of a material was rated in 
accordance with its method of consolidation: excellent for cast or 
wrought metals and alloys; very good for liquid phase sintered cermets; 
good for cold pressed/sintered o r  hot pressed compounds; and unknown 
for materials that have not received much attention from industry. 

The problem of ranking the candidate materials, to implement the 
selection of materials for evaluation in the program, was given 
serious thought. Although a mathematical approach is desirable, the 
large number of materials, the relatively large number of properties 
to rank, and the fact that much data are missing and/or questionable 
impede such an approach. Further consideration of the problem and 
the overriding factors of (1) chemistry, as associated with alloying 
tendency of possible pairs, resistance to potassium corrosion and 
relative stability in a columbium/potassium system, (2) producibility 
and (3) the need for experimental freedom to select materials for 
specific properties precluded that approach. After a careful review 
of the data in Tables 111, IV, and V, considering the previous dis- 
cussions concerning factors affecting performance of alkali metal 
lubricated journal bearings, materials were selected and recommended 
to the NASA technical manager for inclusion in the first phase of the 
program. These materials are listed in Table VII. The basis for the 
specific selections is discussed on the following pages. 

Although the identification of a metallic material that could 
serve both as a shaft material and as the bearing surface offers 
significant advantages in the fabrication of the rotor, the 
service conditions imposed by advanced space power systems may 

-10- 



TABLE 11: CLASSES OF MATERIALS REVIEWED 

A. Nonrefractory Metals and Al loys  

B .  Refractory Metals and Alloys 

C .  Fk-Ni-Co Bonded Carbides 

D .  Carbides 

E .  Oxides 

F .  Borides 

G .  Refractory Metal Bonded Cermets 

H .  Other Materials 
Ni tr ides  
S i l i c i d e s  
Sulphide s 
Bery l l ides  
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TABLE V I I :  MATERIALS RECOMMENDED FOR EVALUATION 

A. Nonrefractory Metals S t a r  J (Co Base Supera l loy)  
and Alloys Vasco Hypercut/Vantro S (Fe Base, 

High Strength S t e e l s )  
Fe 
co 
N i  
cu 

B. Ref rac tory  Metals 
and Alloys 

C. Fe-Ni-Co Bonded 
Carbide s 

D. Carbides 

E. Oxides 

F, Borides  

G .  Refrac tory  Metal 
Bonded C e r m e t s  

H. Okher Materials 

AS-30 (High S t r eng th ,  Cb Base Alloy) 
Cb-1Zr 
TZM (Mo Base Alloy) 
w 

K601 (Binder less  WC, TaC) 
779 (9% Co Bonded WC) 
999 (3% Co Bonded WC) 
907 (6% Co Bonded WC , TaC) 
330 (12% N i  Bonded WC, T i c ,  TaC) 
K138A (20% Co Bonded T I C ,  CbC, TaC) 
K150A (10% N i  Bonded T I C ,  CbC) 
K162B (25% N i  Bonded T i c ,  CbC) 

T i  C 
Z r C  
TaC 

A1203 (Lucalox o r  030) 
Zr02 (Hard) 
'2'3 
Be 0 

TiB2 

T i c  + 5W 
T I C  + lOMo 
T I C  + lOCb 
C l a s s i f i e d  Composition 

T i  N 
Ce S 
MoSiz 
CbSi~ /T i5S i3  
Ta2Be 17 
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preclude th i s .  Then, us ing  r e l a t i v e l y  simple and r e l i a b l e  su r face  
t r ea tmen t s  which would enhance the  bear ing characteristics of a 
m e t a l l i c  s h a f t  material could be advantageous. For example, t h e  
s u r f a c e  l a y e r s  of r e f r a c t o r y  a l loys can be s u b s t a n t i a l l y  hardened 
by the  i n t e r n a l  a c t i o n  of r e a c t i v e  a l l o y i n g  elements w i t h  t he  
i n t e r s t i t i a l  elements.  Although modifying the  su r face  composition 
o f  m e t a l l i c  materials tf5 improve f r i c t i o n  and w e a r  c h a r a c t e r i s t i c s  
warrant  i n v e s t i g a t i o n ,  because of the  complexity of t he  composite 
and the need t o  ob ta in  base l i n e  d a t a  i n i t i a l l y ,  i t  c u r r e n t l y  
exceeds the  scope of t he  program. 

Mater ia l  Class A: Nonrefractory Metals and Alloys 

As a broad c l a s s ,  the  nonref rac tory  metals, supe ra l loys  and 
high s t r e n g t h  steels, have lower temperature l i m i t a t i o n s  than the  
m a t e r i a l s  i n  the  o t h e r  classes considered f o r  t he  program. How- 
e v e r ,  these m a t e r i a l s  e x h i b i t  many a t t r a c t i v e  combinations of 
p r o p e r t i e s ,  and r e p r e s e n t a t i v e  candida tes  should be considered 
f o r  i nc lus ion  i n  the program. With these  materials, i t  i s  poss i -  
b l e  t o  achieve high s t r e n g t h  and hardness and y e t  r e t a i n  measurable 
d u c t k l i t y  and the  a b i l i t y  t o  deform p l a s t i c a l l y :  They are r e s i s t a n t  
t o  cor ros ion  by potassium, although t o  varying degrees  w i t h  tempera- 
t u r e ;  s o l u b i l i t i e s  between p a i r s  a r e  known o r  can be p red ic t ed  from 
c r y s t a l  s t r u c t u r e  and d i f f e r e n c e  i n  atomic size; because of t h e i r  
method of conso l ida t ion ,  p r o p e r t i e s  a r e  reproducible  and a minimum 
of p o r o s i t y  is  a t t a i n a b l e .  

From a s t r e n g t h  s t andpo in t ,  the n i cke l  and cobalt base super- 
a l l o y s  have the  h ighes t  temperature p o t e n t i a l  i n  t h i s  class. The 
use  temperature ,  however, must be c o n s i s t e n t  wi th  t h e i r  s t a b i l i t y  
i n  a columbium/potassium system. S t a r  J was s e l e c t e d  to  r ep resen t  
t he  supe ra l loys  f o r  the fol lowing reasons: 

Cobalt-base a l loys have demonstrated more 
supe r io r  cor ros ion  r e s i s t a n c e  i n  a l k l a i  meta ls  
than nickel-base a l l o y s .  

The massive amount of p r e c i p i t a t e  pi3 ( A 1  ,T i ]  
i n  the  high s t r e n g t h  n i cke l  a l l o y s  w i l l  probably 
engender g r e a t e r  dimensional i n s t a b i l i t y  over 
the  cobal t -base a l l o y s .  

S t a r  J has  the  h ighes t  hardness ,  Rc62, of t he  
supe ra l loys  reviewed. 

Cobalt a l loys have a h igher  e las t ic  modulus, 
than n i c k e l  a l l o y s ,  i.e., 37 x lo6 p s i  versus  
32 x 106 p s i .  
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(5) Actual bear ing  experience and d a t a  a r e  a v a i l -  
ab l e  on S t a r  J f o r  comparative purposes. 

The h igh  s t r e n g t h ,  i r o n  base,  hea t - t r ea t ab le  steels rep resen t  
t h e  ha rdes t  m a t e r i a l s  of t he  m e t a l  a l l o y s  reviewed, O f  t h e s e ,  t he  
type  t y p i f i e d  by Vasco-Hypercut and Vantro S have the  h ighes t  
hardness ,  Rc 70 and Rc 67, r e s p e c t i v e l y ,  a t  room temperature,  Be- 
cause of an overtempering mechanism, however, t he  maximum use 
temperature  f o r  these a l l o y s  i s  below 1000°F where the r e s i s t a n c e  
t o  cor ros ion  by potassium,84 dimensional s t a b i l i t y 3 7  f3' and ho t  
hardness  (Rc 62 t o  800'F f o r  Vantro S) i s  considered good. 

I n  add i t ion  t o  the supera l loy  and high s t r e n g t h  steel ,  i r o n ,  
n i c k e l ,  cobalt and copper were recommended f o r  i n c l u s i o n  so t h a t  
t h e  program would be as v e r s a t i l e  a s  poss ib l e  wi th  r e spec%- to  t h e  
s e l e c t i o n  of p a i r s .  For example, i t  has  been e s t a b l i ~ h e d ~ ~  t h a t  
i r o n ,  n i c k e l ,  coba l t  do no t  w e t  A1203 
that: no r e a c t i o n  occurred between n i c k e l  and A1203 a t  1800°C.126 
The carb ide  producers have confirmed t h a t  n i c k e l  and c o b a l t  have 
l i t t d e  s o l u b i l i t y  i n  WC o r  TIC.  Also, n e g l i g i b l e  s o l u b i l i t y  i s  
repor ted  f o r  i r o n  i n  TiN127 and f o r  copper i n  WC o r  t ~ n g s t b n . ~ ~  
Add i t iona l ly ,  e x c e l l e n t  wear-h c h a r a c t e r i s t i c s  f o r  copper aga ins t  
tungs ten  and Carboloy ( coba l t  bonded WC) i n  NaK are repor ted  by 
Coff in ;76  i t  would be d e s i r a b l e  t o  reproduce t h i s  behavior w i t h  
equipment i n  t h i s  program. 

( l o w  work of adhesion) and 

Mater ia l s  Class  B: Re f rac to r s  Metals and Alloys 

Except hardness ,  many of t he  advantages o f f e red  f o r  the  non- 
r e f r a c t o r y  metals  and al loys i n  C l a s s  A a r e  t r u e  a l s o  f o r  the  
r e f r a c t o r y  metals and a l l o y s ,  The h o t  hardness  va lues  f o r  t he  
r e f r a c t o r y  meta ls  a t  the p e r t i n e n t  bulk  temperatures  a r e  con- 
s i d e r a b l y  lower than those f o r  t he  high s t r e n g t h  steels o r  
S t a r  J. However, i f  excess ive  i n t e r f a c t i a l  temperatures should 
occur ,  t he  ho t  hardness and s t r e n g t h  of t he  h igh  mel t ing  p o i n t  
r e f r a c t o r y  metals would be supe r io r ,  

The e x c e l l e n t  r e s i s t a n c e  of the r e f r a c t o r y  metals and a l l o y s  
t o  cor ros ion  by potassium has been demonstrated a t  temperatures 
of approximately 2000°F, which surpasses  t h e  bulk temperature 
range r e l e v a n t  t o  t h i s  program. Also, the  r e f r a c t o r y  m e t a l s  
t ungs t en ,  tantalum and molybdenum are expected t o  be s t a b l e  i n  
potassium i n  the presence of a columbium a l l o y  a t  temperatures  
of approximately 1600°F, 

D r ,  L, Coffin* has  suggested t h a t  the  d ispersed  phases ,  which 
are s t a b l e  i n  the  r e f r a c t o r y  a l l o y s  and which provide creep 

*Dr, L, Coff in ,  Research Laboratory,  General E l e c t r i c  Company, 
i s  consu l t an t  f o r  t h i s  program, 
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r e s i s t a n c e ,  be considered as the  second material i n  bear ing  combina- 
t i o n s  wi th  t h e  r e f r a c t o r y  a l l o y  o r  metal. For example, T i c ,  Z r C ,  
Z r 0 2  would have l i t t l e  s o l u b i l i t y  i n  the  r e f r a c t o r y  metals a t  
temperatures  of 1600°F.129 Molybdenum has  shown no r e a c t i o n  with 
A1203 a t  180OoC.126 
tungs ten ,  TZM, Cb-1Zr and AS-30 a l l o y s  were recommended for  se l ec t ion .  
Unalloyed tungsten w a s  chosen i n t e n t i o n a l l y  t o  provide base l i n e  
d a t a  and t o  eva lua te  prev ious ly  developed t h e o r i e s  over  a wide range 
of temperature.  The TZM molybdenum a l l o y  w a s  s e l e c t e d  because i t  
h a s  the  h ighes t  s t r e n g t h  and r e c r y s t a l l i z a t i o n  temperature of t he  
commerCially a v a i l a b l e  a l l o y s  and because t h e  t i t an ium and zir-  
conium i n  t h e  a l l o y  may p o s s i b l y '  be b e n e f i c i a l  from a cor ros ion  
s tandpoint .  Also, i n d i c a t i o n s  are t h a t  t he  p r o p e r t i e s  ( s t r eng th ,  
d u c t i l i t y )  of t he  a l l o y  are more reproduclble  than t h e  Mo-0.5 T i  
a l l oy .  The TZC a l l o y s  (titanium-zirconium-carbon) are s t ronge r  i n  
c reep  than TZM but  are not  s i g n i f i c a n t l y  ha rde r ,  and they are very 
much i n  t h e  development s tage .  

Of the  r e f r a c t o r y  metals and a l l o y s  reviewed, 

- 

Two columbium a l l o y s ,  Cb-1Zr and AS-30, were recommended s i n c e  
t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e i r  hardness ,  i .e . ,  approxi- 
mately 100 VHN versus  315 VHN. Although F-48, a high s t r e n g t h  
columbium a l l o y ,  i s  s u i t a b l e ,  t he re  have been i n d i c a t i o n s  t h a t  t h e  
thermal s t a b i l i t y  of AS-30 i s  supe r io r  t o  t h a t  of F-48 a l l o y  with 
r e spec t  t o  low temperature Tantalum w a s  omit ted be- 
cause of i t s  chemical (cor ros ion)  and mechanical (hardness) 
s i m i l a r i t y  t o  columbium. I f  an eva lua t ion  of tantalum becomes 
necessary ,  however, a tantalum a l l o y  con'$aining an i n t e r n a l  g e t t e r ,  
e .g . ,  zirconium o r  hafnium,should be se l ec t ed .  

Material C l a s s  C: I ron ,  Nickel ,  Cobalt  Bonded Carbides 

The commercially produced cemented carb ides  were considered f o r  
t h e  program because of t h e i r  demonstrated good r e s i s t a n c e  to  
cor ros ion  by sodium; 68 969 t h e i r  e x c e l l e n t  commercial s t a t u s ;  
and t h e i r  e x c e l l e n t  mechanical and thermal p r o p e r t i e s ,  i . e . ,  high 
compressive s t r e n g t h ,  hardness ,  e l a s t i c  modulus, thermal conduct iv i ty  
and low thermal expansion (Table I V ) .  Also, low p o r o s i t y  i s  achieved 
through l i q u i d  phase s i n t e r i n g  ac t ion .  Other i n v e s t i g a t o r s  have 
shown promising resu l t s  w i t h  these materials i n  s l i d i n g  f r i c t i o n  
s t u d i e s ,  
cond i t ions  of boundary l u b r i c a t i o n  a t  750°F with NaK;80 Kumpitsch 
found a number of combinations t h a t  showed low f r i c t i o n  values  i n  
NaK-77 a t  temperatures t o  1370°F, i .e. ,  Carboloy 779 versus  K149, 
HT77 versus K 1 3 8 ,  K84 versus  K 1 3 8 A  and HT77 versus K 1 5 1 A . 8 1  
cemented ca rb ides  t h a t  were se l ec t ed  were chosen f o r  the i r  b inder  
con ten t  (amount and c h e m i s t r y ) ,  lack of b inde r ,  mixed carb ide  conten t  
and type of carb ide  (WC, T i c ,  C b C ,  T a C ) ;  these  f a c t o r s  in f luence  the  
hardness ,  s t r e n g t h ,  thermal conduct iv i ty ,  thermal expansion and, 
probably,  the  cor ros ion  r e s i s t a n c e .  The major l i m i t a t i o n  -Imposed b,y 

p 6  

Apkarian found Carboloy 779 and 5 5 A  t o  behave w e l l  under 

The 
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t hese  materials i s  the  a n t i c i p a t e d  l a c k  of s t a b i l i t y  of t he  b inder  
phase and of t he  WC i n  potassium i n  the  presence of Cb-1Zr a l l o y  
a s  t he  temperature i s  increased.  The m a t e r i a l s  t h a t  were recom- 
mended' and the  major v a r i a b l e s  t o  be eva lua ted  a re :  

Mater ia  1 Major Binder Remarks 

779 (WC) 
999 (WC) 

907 (WC) 

330 (WC) 

None Maximum s t r e n g t h ,  hard- 
nes s ,  cor ros ion  re- 
s i s t a n c e  of WC cermets 
and minimum wear 

9% Cobalt  
3% Cobalt  High thermal conduc t iv i ty ,  

l o w  thermal expansion 

2% TaC High s t r e n g t h  
6% Cobalt  

30% T I C  Complex ca rb ides  
9.5% TaC 
12% Nickel 

K 1 3 8 A  ( T i c ,  CbC, TaC) 20% Cobalt  No WC 

K150A ( T i c ,  CbC) 10% Nickel No  WC 

Kl62B (TIC ,  CbC) 25% Nickel No WC 

Mater ia l  Class  D: Carbides 

The ca rb ides  of t he  t r a n s i t i o n  metals  IVA,  VA and V I A  ( a s  w e l l  a s  
t h e  n i t r i d e s ,  bor ides  and s i l i c i d e s )  have many of t he  p r o p e r t i e s  
considered d e s i r a b l e  for  a p p l i c a t i o n  i n  jou rna l  bear ings ,  They ex- 
h i b i t  thermal conduct iv i ty  p r o p e r t i e s  t h a t  are s i m i l a r  t o  those of 
pure meta ls ;  they have high hardnesses ,  high compressive s t r e n g t h s ,  
h i g h  e las t ic  moduli, h igh  melt ing p o i n t s ;  and they have demonstrated 
good r e s i s t a n c e  to  corrosion.69 I n  f a c t ,  t he  ca rb ides  a r e  among 
the  f e w  m a t e r i a l s  r e s i s t a n &  t o  cor ros ion  by l i th ium.  Because of 
t h e i r  m e t a l l i c  na tu re ,  i t  has  been suggested t h a t  Hume-Rothery's 
r u l e s  f o r  a l l o y i n g  can be appl ied  t o  p r e d i c t  s o l i d  s o l u b i l i t i e s .  
Also,  Hagg's r u l e  f o r  i n t e r s t i t i a l  element compounds must be con- 
s i d e r e d  i n  p r e d i c t i n g  s o l i d  s o l u b i l i t y  because of the  in f luence  of 
c r y s t a l  s t r u c t u r e  on the  degree of s o l u b i l i t y  a t ta inable .g2  
t h i s  w i l l  be considered important i n  the  s e l e c t i o n  of p a i r s  f o r  
s l i d i n g  con tac t  s t u d i e s .  I n  t h i s  r ega rd ,  most of the monocarbides 
have cubic  c r y s t a l . s t r u c t u r e s l 2 3  and favorable  atomic size d i f f e r -  
ences  and a r e  completely misc ib le .  

Again, 

The M02C and WC have a hexagonal 
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s t r u c t u r e  and, i n  gene ra l ,  have l imi t ed  s o l u b i l i t i e s  i n  the  cubic  
ca rb ides .  Titanium carb ide  (Tic) forms a complete series of s o l i d  
s o l u t i o n s  with T i N  and T i O ,  making pure TIC d i f f i c u l t  t o  produce. 
Titanium carb ide  (Tic) has  no s o l u b i l i t y  i n  but  i s  so lub le  
i n  TiB2. 

Of the  ca rb ides  reviewed, T I C ,  Z r C  and TaC were s e l e c t e d  f o r  
cons idera t ion .  Although B4C i s  repor ted  t o  be the  ha rdes t  of a l l  
 compound^,^ 3000 K", i t  i s  extremely s e n s i t i v e  to  thermal shock 
and would probably be thermodynamically uns t ab le  i n  a columbium/ 
potassium system. This would a l s o  b e . t r u e  for Cr3C2 and WC. 
Recognizing t h a t  t he  p r o p e r t i e s  of HfC and CbC are so s i m i l a r  t o  
those  of Z r C  and t h a t  more process ing  experience has  been acquired 
w i t h  Z r C ,  of t he  th ree  ca rb ides ,  only Z r C  w a s  recommended for 
eva lua t ion .  The carb ide  TaC was included because of i t s  repor ted  
lower hardness  and i t s  h igher  e l a s t i c  modalus. The primary concern 
a s soc ia t ed  wi th  the  b i n d e r l e s s  pure compounds i s  t h e  i n a b i l i t y  t o  
achieve high d e n s i t y  (approaching 100% t h e o r e t i c a l ) ,  which w i l l  
r e s u l t  i n  a rough sur face .  Most of the  product ion experience has  
been with T i c  and compacts with the  l e a s t  amount of p o r o s i t y  w i l l  
probably be achieved with t h i s  ma te r i a l .  

- -  - 

Mater ia l  Class  E: Oxides 

From the  s tandpoin t  of j ou rna l  bear ing a p p l i c a t i o n ,  t he  ceramic 
ox ides ,  l i k e  the  r e f r a c t o r y  hard metal compounds, have many pro- 
p e r t i e s  t h a t  a r e  a t t r a c t i v e .  They have high hardnesses ,  h igh  
s t r e n g t h s ,  high e l a s t i c  moduli, and they are expected t o  be re- 
s i s t a n t  t o  cor ros ion  by potassium and s t a b l e  (Table V I )  i n  a 
columbium al loy/potassium system. B e r y l l i u m  oxide (BeO) w a s  
r e s i s t a n t  t o  cor ros ion  by sodium a t  750°C;68 Al2O3, a t  500°C.78 
Data f o r  ZrO2 i n  sodium a t  1500°F69 show i t  t o  be poor only from 
the  s tandpoin t  of dimensional change, which i s  probably caused by 
the  i n s t a b i l i t y  of t he  c r y s t a l l o g r a p h i c  s t r u c t u r e ,  i.e., i m -  
p roper ly  s t a b i l i z e d .  From the  cons idera t ion  of m a t e r i a l  combin- 
a t i o n s ,  t he  oxide combinationshave high adhesive s t r e n g t h s ;  79 
B e 0  has  a tendency t o  r e a c t  wi th  o the r  oxides . la3 
p rev ious ly ,  good combinations may be expected f o r  i r o n ,  n i c k e l ,  CO- 
bal t , 78 molybdenum, 12' and Tic7' aga ins t  Al2O3. 

A s  mentioned 

Of the  oxides reviewed, A1203 (Lucalox or 030), ZrO2 ( s t a b i l i z e d ) ,  
Y2O3, andBeO should be conXaZTed. From the d a t a , m e s t  s t r e n g t h s  
(compression and e l a s t i c  moduli) were repor ted  f o r  t he  030 A1203 
ceramic; t he  lowest compressive s t r e n g t h ,  114 ksi, was repor ted  f o r  
BeO. No s t r e n g t h  d a t a  wre found for Y2O3. In  add i t ion  t o  t h e i r  
good mechanical p r o p e r t i e s ,  A1203 (Lucalox or 030) and ZrO2 a r e  
produced r e a d i l y  t o  high t h e o r e t i c a l  d e n s i t i e s  w i th  r e l a t i v e l y  low 
p o r o s i t y ,  The Y2O3 and B e 0  were recommended f o r  s p e c i f i c  reasons.  
The f i r s t ,  Y2O3, i s  e s s e n t i a l l y  immiscible i n  columbium and, i n  view 

- 
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of Cof f in ' s  t h e o r i e s  on s l i d i n g  su r faces  ,76 t h i s  combination should 
be inves t iga t ed .  The l a t t e r ,  BeO, was recommended because of i t s  
high thermal conduct ivi ty .  

Material Class F: Borides 

The genera l  observa t ions  made f o r  t h e  ca rb ides ,  Material C l a s s  D ,  
a l s o  apply t o  the  borides .  Consequently, they should a l s o  be con- 
s ide red  f o r  eva lua t ion  i n  t h e  program. Compared t o  t h e  ca rb ides  
and oxides ,  gene ra l ly ,  less information w a s  found f o r  t he  bo r ides ,  
i.e., no cor ros ion  data .  The TiB2 and ZrB2 have hexagonal c r y s t a l  
s t r u c t u r e s  and are mutually so luble .  From thermodynamic consider-  
a t i o n s , b o t h  TiB2 and ZrB2 are apparent ly  more s t a b l e  than CbB2, 
Also, i t  i s  reported123 t h a t  the  TiB2 i s  more stable than  T i c  and 
t h a t  gene ra l ly  t h e  bor ides  are more s t a b l e  than t h e  corresponding 
ca rb ide  or s i l i c i d e ,  Good s t r eng ths  and excep t iona l ly  high hard- 
nes ses ,  2700 KHN, are repor ted  f o r  TiB2 i n  c o n t r a s t  t o  a hardness  
o f  1560 K" f o r  ZrB2. L i t t l e  d a t a  w a s  found f o r  CbB2. For these 
reasons ,  TiB2 w a s  recommended f o r  study. 

Material Class G: Ref rac torv  Metal Bonded Cermets 

- 

The r e f r a c t o r y  metal bonded cermets probably have the  b e s t  
p o t e n t i a l  as materials f o r  potassium lub r i ca t ed  jou rna l  bear ings  
i n  advanced space power sys t ems .  These materials should possess  
t h e  cor ros ion  r e s i s t a n c e  and the  necessary chemical s t a b i l i t y  i n  a 
columbium alloy/potassium system. A t  the same t i m e ,  l i k e  t h e  n i c k e l  
and c o b a l t  bonded cermets, they should achieve t h e  h igher  d e n s i t i e s  
( lack of p o r o s i t y )  and supe r io r  d u c t i l i t i e s  than the  pure compounds. 
However, few compositions are repor ted  i n  the  u n c l a s s i f i e d  l i t e r a t u r e  
and there i s  very l imi t ed  d a t a  a v a i l a b l e  on t h e i r  mechanical be- 
havior .  I n  bonding experiments w i t h  TiC,123 only molybdenum and 
tungsten exh ib i t ed  tendencies  f o r  good bonding. Although ColmbiUn 
and vanadium ind ica t ed  poor bonding c h a r a c t e r i s t i c s ,  t he  experimental  
hot; p re s s ing  condi t ions  may have contaminated the  more r e a c t i v e  
metals and i n h i b i t e d  d i f f u s i o n ,  Of the  series of cermets i n  the  
W-Tic and Mo-TIC system, the  lOO/oMo-TiC and 5%W-TiC compositions had 
t h e  h ighes t  s t r e n g t h  and were recommended i n  o rde r  t o  check the  
reference i n  the  l i t e r a tu re  . 

A number of complex r e f r a c t o r y  metal bonded cermets are repor ted  
i n  the  c l a s s i f i e d  l i t e r a t u r e .  P a r t i c u l a r i l y  good r e s u l t s  were 
achieved w i t h  one cermet, and, although of less i n t e r e s t i n g  com- 
p o s i t i o n ,  i t  i s  recommended f o r  eva lua t ion  i n  t h e  program. I n  
g e n e r a l ,  l i t t l e  experience has  been acquired w i t h  t h i s  class of 
materials i n  indus t ry  and i t  may r equ i r e  a supplementary develop- 
mental i n v e s t i g a t i o n  t o  assure  t h a t  only high q u a l i t y ,  i ,e , ,  high 
d e n s i t y ,  s t r e n g t h ,  materials are evaluated.  
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Material Class H: Other Materials 

Addit ional  m a t e r i a l s  t h a t  may prove s u i t a b l e  f o r  a p p l i c a t i o n  i n  
potassium lub r i ca t ed  jou rna l  bear ings  or i n t e r e s t i n g  from an exper i -  
mental  s t andpo in t ,  i ,e.,  hardness ,  chemistry,  e t c . ,  are the  n i t r i d e s ,  
s i l i c i d e s ,  su lphides  and b e r y l l i d e s .  

As mentioned p rev ious ly ,  t he  n i t r i d e s  and s i l i c i d e s  of t he  groups 
I V A ,  VA and V I A  metals are m e t a l l i c  i n  n a t u r e ,  and, t h e r e f o r e ,  i n  t he  
absence of phase diagrams, i t  may be p o s s i b l e  t o  p r e d i c t  t he  com- 
p a t i b i l i t y  between p a i r s .  The n i t r i d e s  have a cubic  c r y s t a l  s t r u c t u r e  
and,  where atomic sizes are favorab le ,  they are so lub le  i n  each o t h e r  
and with the  cubic  ca rb ides ,  e,g. ,  TIC. I ron  i s  n o t  so lub le  i n  TIN, 
The n i t r i d e s  as a class do no t  appear a s  promising123 as the  bor ides  
o r  ca rb ides  i n  t h a t  t h e i r  vapor p re s su res  a r e  high;  r e a c t i o n s  have 
been repor ted  between TIN and MgO; the  metals and ca rb ides  decompose 
BN a t  high temperatures;  they are gene ra l ly  s o f t e r  and i t  i s  d i f f i c u l t  
t o  produce sound bodies,  However, because of d i f f e r e n c e  i n  chemistry,  
i t  is recommended t h a t  a n i t r i d e  be included I n  the  program, Thermo- 
dynamic d a t a ,  Table V I ,  would i n d i c a t e  tha t  the  n i t r i d e s  of i n t e r e s t  
a re  s t a b l e  i n  t h e  presence of columbium, The l o w  hardness of BN i s  
o f  i n t e r e s t  f o r  a sof t -hard combination but  i t s  extreme aniso t ropy  and 
low s t r e n g t h  e l imina ted  i t  from content ion  a t  t h i s  t i m e .  From a pro- 
d u c i b i l i t y  s t andpo in t ,  T I N  i s  p re fe r r ed  r a t h e r  than Z r N .  Based on 
these c o n s i d e r a t i o n s , =  was recommended f o r  eva lua t ion ,  

Other than coa t ings  f o r  ox ida t ion  r e s i s t a n c e ,  l i t t l e  information 
i s  a v a i l a b l e  on the  s i l i c i d e s .  I n  c o n t r a s t  t o  the  o t h e r  hard metal 
compounds, t he  c r y s t a l  s t r u c t u r e  of t he  s i l i c i d e s  v a r i e s  w i th  the 
d i f f e r e n t  t r a n s i t i o n  metal groups. Although entropy d a t a  were not  
found, Table V I ,  e s t ima t ions  from h e a t s  of formation suggest  t h a t  
Ti5Si3 would be s t a b l e  i n  the  presence of columbium. Low h e a t s  of 
format ion  were found f o r  TaSi2, MoSi2, TiSi2 wi th  r e spec t  t o  CbSi2, 
Good r e s i s t a n c e  t o  co r ros ion  by sodium has  been repor ted  f o r  MoSi2 
a t  1500'F and good chemical s t a b i l i t y  i n  genera l  i s  repor ted  f o r  t he  
s i l i c i d e s  as a class .76 Also, t he  main experience i n  the  product ion 
of  s i l i c i d e s  i s  w i t h  t h e  MoSi2 f o r  hea t ing  elements,  Consequently, 
MoSi2 and e i t h e r  TigSig o r  CbSi2 were recommended f o r  cons idera t ion ,  
Pore p r o d u c i b i l i t y  d a t a  w i l l e  t o  be obtained t o  determine which 
of the  l a t t e r  should be selected. 

Recent experience has  shown that  Ta2Be17 has  promising p r o p e r t i e s ,  
i . e r ,  high compressive s t r e n g t h  and h ign  e l a s t i c  modulus combined 
w i t h  a r e l a t i v e l y  moderate hardness ,  1120 v".27 Also CeS, i s  of 
i n t e r e s t  because of i t s  high negat ive  f r e e  energy of formation,  low 
vapor  p r e s s u r e ,  and low hardness ,  i - e , ,  257-477 V " , f o r  p o s s i b l e  
sof t -hard combinations. 

- 

-33- 



IV.  MATERIALS PROCUREMENT 

Bearing Mater1 a1 s 

To achieve reliable bear ing  opera t ion ,  a t t a i n i n g  uniformity of 
c e r t a i n  c r i t i ca l  p r o p e r t i e s  i n  the  product ion of bear ings  from 
batch t o  batch o r  heat t o  heat is of paramount importaalre. Changes 
i n  chemistry and process ing  procedures ,  which w i l l  a f f e c t  t h e  dimen- 
s i o n a l  s t a b i l i t y  and/or s t r e n g t h  and hardness of the  m a t e r i a l ,  o r  t h e  
u n i n t e n t i o n a l  add i t ion  of i m p u r i t i e s ,  which w i l l  a f f e c t  the  su r face  
chemis t ry ,  could have s e r i o u s  e f f e c t s  on t h e  performance of bear ings  
made from the  material, For example, Chang has shown tha t  l a r g e  
v a r i a t i o n s  i n  s t r e n g t h  and d u c t i l i t y  of  both columbium and molybdenum 
a l l o y s  a r e  p o s s i b l e  by changing either processing temperatures  o r  
f i n a l  heat treatment.129 
the  heat t r e a t i n g  o r  s i n t e r i n g  environment w i l l  affect the s u r f a c e  
chemistry, e.g., contamination by oxygen, n i t rogen  and possibly 
c a r b o q a n d  is an important  cons ide ra t ion  from the s t andpo in t  of 
mechanical behavior and r e s i s t a n c e  t o  corrosion,  I n  the p repa ra t ion  
of powder compacts, variables such as the  p a r t i c l e  size, shape, and 
d i s t r i b u t i o n ,  p u r i t y  of the raw m a t e r i a l s ,  and s i n t e r i n g  temperatures  
w i l l  a f f e c t  the d e n s i t y  of the product.  This ,  i n  t u r n ,  w i l l  affect 
p r o p e r t i e s  important  f o r  bear ing  ope ra t ion ,  e.g., s t r e n g t h ,  hardness ,  
c o e f f i c i e n t  of f r i c t i o n  and dimensional s t a b i l i t y .  

If not  proper ly  con t ro l l ed ,  the q u a l i t y  of 

These cons ide ra t ions  n e c e s s i t a t e  understanding and documenting, i n  
varying degrees  f o r  each c l a s s  of m a t e r i a l s ,  the  h i s t o r y  of t h e  pro- 
ces s ing  and f a b r i c a t i o n  procedures employed i n  the  p repa rh t ion  of 
specimens f o r  t h i s  program. The information i s  requi red  not  only f o r  
r e p r o d u c i b i l i t y  but  a l s o  a s  an a i d  i n  i n t e r p r e t i n g  the r e s u l t s  of the  
var ious  phases of the  inves t iga t ion .  

I n  gene ra l ,  r e l i a b l e  commercial sources  wi th  experience wi th  t h e  
p e r t i n e n t  m a t e r i a l  w i l l  be u t i l i z e d .  I n  the procurement of m a t e r i a l s  
from Classes A and B (metals and a l l o y s ) ,  Class  C (cemented ca rb ides )  
and a few materials from Classes D, I $ ,  F and H (compounds such as 
A1203,  Z r 0 2 ) ,  a uniform product should be obtainable because of the i r  
commercial s ta tus ;  procurement should be made aga ins t  a f a i r l y  re- 
s t r i c t i v e  s p e c i f i c a t i o n .  Of these m a t e r i a l s ,  i t  i s  gene ra l ly  accepted,  
however, t h a t  g r e a t e r  un i formi ty  w i l l  be ob ta inab le  with the wrought 
m a t e r i a l s  of Classes A and B ,  which a r e  produced from l a r g e  h e a t s  
ranging  from 300 t o  10,000 pounds, rather than wi th  m a t e r i a l s  produced 
from small batches of powders+ 

Procuring c e r t a i n  o t h e r  materials i n  Classes  D,  E ,  F and H and a l l  
the m a t e r i a l s  i n  Class  G ( r e f r a c t o r y  metal  bonded cermets)  w i l l  be con- 
s i d e r a b l y  more d i f f i c u l t .  Because these m a t e r i a l s  have no t  been made 
i n  l a r g e  q u a n t i t i e s  f o r  either bear ing  or metal c u t t i n g  a p p l i c a t i o n s ,  
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t he re  i s  i n s u f f i c i e n t  documentation on the  a b i l i t y  to  produce a con- 
s i s t e n t  product ;  t h e r e f o r e ,  t he  s p e c i f i c a t i o n s  f o r  t hese  materials 
w i l l ,  of n e c e s s i t y ,  be less r e s t r i c t i v e .  I n  a d d i t i o n ,  i t  is ex- 
pec ted  t h a t  Class G m a t e r i a l s  w i l l  r equ i r e  a l imi t ed  amount of 
development work t o  provide some assurance t h a t  h igh  q u a l i t y  test 
o r  bear ing  conf igu ra t ions  can be f ab r i ca t ed .  
i f  necessary,  w i l l  be executed by t h e  vendor and w i l l  employ 
commercially a v a i l a b l e  powders of known p u r i t y ,  p a r t i c l e  size and 
d i s t r i b u t i o n  and e x i s t i n g  conso l ida t ion / s in t e r ing  f a c i l i t i e s ,  
cond i t ions  of temperature ,  p re s su re  and time of p r e s s i n g ,  s i n t e r i n g  
temperature and the  p a r t i c l e  size anddis t r i b u t i o n  of t he  s t a r t i n g  
b lend  t h a t  produces the  maximum dens i ty  and s t r e n g t h  of t he  product  
w i l l  be s e l e c t e d  f o r  t he  product ion of t he  material f o r  eva lua t ion  
i n  the  program. The r e s u l t i n g  micros t ruc ture  w i l l  be documented 
f o r  f u t u r e  re ference .  

Such an i n v e s t i g a t i o n ,  

The 

A l l  vendors se l ec t ed  t o  p a r t i c i p a t e  i n  the  program w i l l  be re- 
qu i r ed  to  maintain and f i l e  a l l  d a t a  p e r t a i n i n g  t o  the  r a w  m a t e r i a l ,  
p rocess ing  and f a b r i c a t i o n  procedures t h a t  are used i n  the  prepara-  
t i o n  of t he  f i n i s h e d  product.  Much of the  process ing  d a t a ,  because 
of i t s  h igh ly  p r o p r i e t a r y  n a t u r e ,  w i l l  not  be released.  However, wi th  
t h e  cooperat ion of t he  vendors and from d a t a  generated on the  mechan- 
i c a l ,  chemical and phys ica l  behavior of t he  materials, prepar ing  
meaningful s p e c i f i c a t i o n s  f o r  these  m a t e r i a l s  should be p o s s i b l e  a t  
t h e  conclusion of t he  program. 

To a s su re  t h a t  t he  incoming materials have s u i t a b l e  q u a l i t y  f o r  
u se  i n  the  program, s e l e c t e d  samples w i l l  be subjec ted  t o  the  
fo l lowing  tests by t h e  vendor and/or General Electric:  

Microscopy 
X-ray D i f f r a c t i o n  
Chemical Analyses 
Hardness 
Density 
Weight Measurement 
Dimensional Measurement 
Radiographic/Ultrasonic Inspect ion 
Fluorescent  Penet ran t  Inspec t ion  
Surf ace Roughness 
Tensile/Transverse-Rupture 

From these tests, information regarding the  p u r i t y  of the  m a t e r i a l ,  
s u r f a c e  c h a r a c t e r i s t i c s ,  p o r o s i t y ,  c r y s t a l  s t r u c t u r e  and micros t ruc ture  
w i l l  be acquired.  Some of t he  d a t a  w i l l  a l s o  be used f o r  later com- 
pa r i son  wi th  t e s t e d  specimens, 
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Corrosion Capsule Materials 

Purchase o r d e r s  were placed f o r  the  Cb-1Zr m i l l  p roducts  requi red  
f o r  t h e  f a b r i c a t i o n  of t he  cor ros ion  test  capsules .  These o r d e r s  
included:  one hundred f e e t  of 1.00-inch OD x 0.080-inch t h i c k  w a l l  
tub ing  f o r  capsule  bodies ;  e leven  f e e t  of 0.080-inch t h i c k  x 4.00- 
inch wide s h e e t  f o r  end caps;  f i f t y  f e e t  of 0.062-inch diameter  w i r e  
f o r  f i l l e r  material requi red  f o r  t he  manual TIG welding of t he  
bottom end cap; fou r  hundred f e e t  of the  0.062-inch diameter  w i r e  
t o  be used i n  the  f a b r i c a t i o n  of spacers  and holders  f o r  t he  proper  
p o s i t i o n i n g  of test specimens wi th in  the  capsules .  

The tubing w a s  ordered from the  Wah Chang Corporat ion,  Albany, 
Oregon, t o  SPPS S p e c i f i c a t i o n  2A, "Seamless Tubing: Columbium - 
1% Zirconium Alloy,' '  w i t h  a promised d e l i v e r y  d a t e  of August 30,  1963. 
The shee t  s tock  and w i r e  were purchased from Kawecki Chemical Company, 
Boyertown, Pennsylvania ,  f o r  d e l i v e r y  i n  e a r l y  August. The 0.080-inch 
t h i c k  shee t  i s  t o  be produced t o  SPPS Sipec i f ica t ion  l A ,  B a r ,  Rod, 
Shee t ,  P l a t e  and S t r i p :  
0.062-inch diameter  w i r e ,  t o  t he  chemical requirements only of SPPS 
S p e c i f i c a t i o n  1A. 

11 

Columbium - 1% Zirconium Alloy,"  and the  

Since Kawecki d i d  n o t ,  a t  t he  t i m e  t he  order  w a s  p l aced ,  possess  
t h e  u l t r a s o n i c  equipment requi red  by t h e  s p e c i f i c a t i o n  f o r  t he  
proper  in spec t ion  of t he  s h e e t ,  t he  f a c i l i t i e s  of Automation In- 
d u s t r i e s ,  Incorpora ted ,  Columbus, Ohio, were used. The l o n g i t u d i n a l  
beam inspec t ion  divulged s e v e r a l  areas of severe  d e f e c t s ,  c l e a r l y  
v i s i b l e  i n  the  autographic  p l o t s  of the  long i tud ina l  beam scans  
shown i n  Figure 1, i n  p l a t e s  G and J. The smaller sample i n  each 
photograph i s  the  s tandard  specimen t h a t  had been d r i l l e d  wi th  t h e  
h o l e s  requi red  i n  the  c a l i b r a t i o n  of t he  equipment. The extraneous 
scans  are traces of t he  s t r u c t u r e  support ing the  p l a t e s  f o r  
immersion i n  t h e  w a t e r - f i l l e d  in spec t ion  tank. I n t e r e s t i n g l y ,  t h e  
f i r s t  t r a c e  of p l a t e  C showed two small  i n d i c a t i o n s  ( c i r c l e d  on the  
photograph);  however, v i s u a l  i n spec t ion  of the  p l a t e  revea led  two 
s m a l l  a i r  bubbled loca ted  a t  the  si tes of the ind ica t ions .  The 
bubbles were brushed away and the  second t r a c e  of p l a t e  C showed 
no d e f e c t s ,  v e r i f y i n g  the  s e n s i t i v i t y  of t h e  equipment. P l a t e s  A,  
B ,  C ,  D, E ,  F, H and J w e r e  accepted by t h e  General E l e c t r i c  Company 
f o r  i n c l u s i o n  i n  the  program. S u f f i c i e n t  s tock  w i l l  be sec t ioned  
from p l a t e  J t o  assure t h a t  t he  small d e f e c t i v e  a r e a  i s  d iscarded .  
P l a t e  G w i l l  be replaced by the  vendor. 
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AUTOMATON 
INOUSTRIE$ Mc. 

Figure 1. Autographic P l o t s  of t he  Ul t r a son ic  Longitudinal 
Beam Scans of  Cb-1Zr Sheet t o  be Used for Corrosion 
Capsule End Caps 
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Figure 1 (Cont'd) 

AUTOMATION 
INWSTRIES mc. f 

Autographic P l o t s  of t he  Ul t rasonic  Longitudinal 
Beam Scans of Cb-1Zr Sheet t o  be Used for Corrosion 
Capsule End Caps 
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V .  TEST PROGRAM 

Prel iminary test p l a n s ,  except  for wet t ing  and f r i c t i o n  and wear 
measurements w i t h  l i q u i d  potassium and de ta i led  test  f a c i l i t y  des igns ,  
are being prepared f o r  each phase of t he  test program and w i l l  be 
submitted t o  t h e  NASA techn ica l  manager f o r  h i s  review and approval 
t he  l a s t  week i n  July.  Descr ipt ions of t he  t es t  program and any 
ensuing t echn ica l  progress  w i l l  be repor ted  a f t e r  NASA approval i s  
received.  
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V I .  TEST FACILITIES 

Corrosion Inves t iga t ion  

To conduct t h e  potassium cor ros ion  tests,  the  General E lec t r i c  
Company has purchased a 24-inch diameter x 54-inch high bakeable 
vacuum chamber, Varian Associates  Model VI-17. The pumping s y s t e m  
comprises fou r  cryogenic adsorp t ion  pumps f o r  roughing and a 
l O O O l / s e c  ge t t e r - ion  pump. After the  u n i t  was received and in-  
s t a l l e d ,  i t  w a s  success fu l ly  checked ou t  with t h e  chamber c o l d ,  
d ry  and empty a t  a vacuum of 3 x t o r r ,  determined from the  
i o n  pump c u r r e n t  readings,  and 4.4 x 10-10 t o r r ,  read d i r e c t l y  from 
a nude Bayard-Alpert i on iza t ion  gauge. Figure 2 i s  a photograph of 
t h e  sys tem.  Design of t he  capsule  and furnace arrangement was 
i n i t i a t e d  and i s  i n  progress .  

Compression Tes t ing  

Drawings of t h e  vacuum chamber which w i l l  be used f o r  t he  com- 
p res s ion  t e s t i n g  of t h e  s e l e c t e d  materials have been completed 
and submitted t o  vendors f o r  quotat ion.  Figure 3 i s  a schematic 
drawing of t he  chamber. Although t h e  chamber conf igura t ion  i s  
based on a des ign  p resen t ly  opera t ing  i n  the  creep-rupture  f a c i l i t y  
a t  General E l e c t r i c ,  Evendale , modif ica t ions  were necessary t o  
accommodate the  s t r a i n  measuring s y s t e m  and the  m a s s i v e  compression 
loading heads. An e x i s t e n t  5-inch diameter  CVC, PS-40A cold  
trapped o i l  d i f f u s i o n  pump backed up by a CVC, 30 CFM mechanical 
pump w i l l  be used w i t h  t h e  chamber. 

The des ign  of t he  loading t r a i n  (specimen adap te r s  , s t r a i n  
measuring arrangement) i s  nea r ly  completed and purchase o r d e r s  have 
been placed or are being prepared f o r  o t h e r  a u x i l l a r y  equipment, 
i .e . ,  step-down t ransformers ,  temperature c o n t r o l l e r ,  p l a t e n s ,  e tc ,  

The f a c i l i t y  i s  being purchased f o r  t he  program by the  General 
E l e c t r i c  Company. 

Vacuum F r i c t i o n  and Wear T e s t  R i g :  

I n  add i t ion  t o  prepar ing  the  test p l a n s  f o r  conducting f r i c t i o n  
and wear tests i n  a high vacuum, cons iderable  t i m e  has  been devoted 
t o  t h e  f i n a l  des ign  of t he  test apparatus.  This des ign  i s  based on 
t h e  des ign  of a machine i n  use by R. L. Johnson a t  NASA, L e w i s  
Research Center,  Although t h e  des ign  has  no t  been formal ly  approved 
by NASA, because of the  advanced stage of t h e  des ign  work and be- 
cause of t he  p a r t i c u l a r  i n t e r e s t  i n  t h i s  phase of t he  program, re- 
p o r t i n g  the  progress  t o  d a t e  i s  warranted. 
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1. 
2. 
3. 
4. 
5 .  
6 .  
7 .  

Guide, 3 - 120° a p a r t  
Bellows and Sea l  Assembly 
Water Cooling Jacke t  
P o r t  f o r  Thermocouple Leads 
Water-cooled E lec t rodes  
Vacuum P o r t  
S i g h t  P o r t  

F igure  3. Vacuum Chamber t o  be Used f o r  t he  Determination 
of Compressive P r o p e r t i e s  

-45- 



Because of some c o n f l i c t i n g  design requirements f o r  t h e  high 
vacuum and l i q u i d  potassium tests,  a dec i s ion  w a s  made i n i t i a l l y  
t o  cons ider  designs f o r  two f r i c t i o n  and wear test  r i g s :  one, 
p r i m a r i l y  f o r  t h e  eva lua t ion  of t h e  s e l e c t e d  materials i n  a high 
vacuum; t h e  o t h e r ,  p r i m a r i l y  f o r  t h e  eva lua t ion  of t h e  m a t e r i a l s  
when they a r e  lub r i ca t ed  with l i q u i d  potassium. Curren t ly ,  t h e  
desi.gn f o r  high vacuum t e s t i n g ,  except f o r  d e t a i l i n g  t h e  t e s t  r i g  
p a r t s ,  has been completed. 

Design Requirements. The dynamic test equipment t o  be  used 
f o r  t h e  f r i c t i o n  and wear s t u d i e s  has been designed t o  meet t h e  
fol lowing requirements:  

1) The test  s e c t i o n  must be completely sea l ed  and 
t o r r .  capable  of  ope ra t ing  i n  a vacuum of 

Consequently, a l l  mechanical p a r t s  i n s i d e  t h e  
vacuum chamber must be designed as simply a s  
p o s s i b l e  t o  minimize outgass ing .  

2) " T h e  s p i n d l e  bear ings  must be r ep laceab le .  A l l  
test  specimens must be replaced as simply as 
p o s s i b l e .  

3)  The test  specimens must be  eva lua ted  under t h e  
fol lowing condi t ions:  temperature ,  1600°F 
maximum; speed, 5000 sfm maximum; load, t o  
0.2% of t h e  y i e l d  stress ( h e r t z i a n ) .  

4) Readout of da t a  must be  accu ra t e .  

Vacuum System. The high vacuum system f o r  t h e  vacuum f r i c t i o n  
and wear tests a l s o  w a s  purchased f o r  t h e  program by t h e  General 
E l e c t r i c  Company from General E l e c t r i c ' s  Vacuum Products  Department, 
Schenectady, New York. The u n i t ,  shown i n  Figure 4,  c o n s i s t s  of an 
18-inch diameter x 30-inch high bakeable chamber i n  conjunct ion w i t h  
t h r e e  cryogenic  adsorp t ion  pumps f o r  roughing and a 1000&sec g e t t e r -  
i on  pump. During t h e  r epor t ing  per iod ,  t h e  system was rece ived ,  
i n s t a l l e d  and i s  now undergoing checkout tests w i t h  t h e  chamber cold,  
d ry  and empty. In  t h e  f irst  checkout tes t ,  t h e  s y s t e m  w a s  opened, 
r e sea l ed ,  baked ou t ,  and evacuated t o  a p res su re  of approximately 
1 x t o r r  i n  a 24-hour per iod .  

T e s t  Rig Design. The ove r -a l l  layout  of t h e  f r i c t i o n  and wear 
t e s t  equipment i s  shown i n  Figure 5. Bas ica l ly ,  t h i s  r i g  c o n s i s t s  
of a vacuum chamber which houses a b a l l  bear ing  mounted sp ind le .  
vacuum chamber i s  f i t t e d  d i r e c t l y  on t h e  f l anges  of t h e  high vacuum 
pumping s y s t e m  descr ibed  i n  t h e  preceding paragraph. 
mounted s p i n d l e  has a r e l a t i v e l y  long overhang wi th  two de tachable  
d i s c s  mounted a t  t h e  bottom. Two ring-shaped test  specimens a r e  
a t t ached  t o  each disc. The t o p  end of t h e  s p i n d l e  suppor ts  one 

The 

The b a l l  bear ing  
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Figure 4. High-Vacuum System (10-l' To r r  Range) t o  be Used i n  t h e  
Study of F r i c t i o n  apd Wear of P o t e n t i a l  Potassium 
Lubricated Journa l  Bearings.  The Chamber i s  18 Inches 
Diameter x 30 Inches High and Incorpora tes  a lOOO,f/sec. 
Get ter-Ion Pumping System 
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F igure 5.  High Vacuum F r i c t i o n  and Wear Tester Assembly Drawing 
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Alnico V magnet of a synchronous, permanent magnet c lu t ch ,  The 
torque  of the magnetic c l u t c h  i s  t ransmi t ted  through a t h i n ,  
0,032-inch Inconel membrane which hermet ica l ly  seals the  vacuum 
chamber, The ou t s ide  magnet of the  c l u t c h ,  loca ted  a t  t h e  top of 
t he  vacuum chamber, i s  a t tached  t o  a grease- lubr ica ted  b a l l  bear ing  
mounted sp indle  t h a t  i s  be l t -dr iven  by a 5 hp s t e p l e s s  v a r i a b l e  
speed thymotrol motor. The speed of the  test sp ind le  w i l l  be 
v a r i a b l e  between 100 and 5000 rpm. 

Heating the  f r i c t i o n  and wear test  specimens i s  accomplished by 
r a d i a t i o n  from a tantalum r e s i s t a n c e  h e a t e r  surrounding the test 
specimens, The f o u r  s t a t i o n a r y  r i d e r  specimens, mounted i n  Rene' 41 
a l l o y  loading  arms, p e n e t r a t e  t he  vacuum chamber wa l l ;  each arm i s  
o f f s e t  90'. Flex ib le  bellow seals a r e  fus ion  welded t o  the indiv id-  
u a l  arms and the  de tachable  copper-gasket vacuum f langes .  Using t h i s  
s e a l i n g  technique,  the  load arms extend i n t o  the  atmosphere where 
they  are mounted i n  a gimbal arrangement so t h a t  they can move as 
f r e e l y  a s  requi red  by the  load a p p l i c a t i o n  and torque measurement 
systems. The f r i c t i o n a l  torques are measured w i t h  s e n s i t i v e  s t r a i n  
gauges and the loads  a r e  appl ied  by g r a v i t y  weights. 

Rotor and Bearings.  The q u a l i t y  of t h e  test appara tus  i s  
determined predominantly by the  design r o t o r ,  which c a r r i e s  the  
t es t  specimens, and the  proper  arrangement of i t s  bear ings.  Various 
f a c t o r s  i n f luence  t h e  r o t o r  design:  

1) Rota t ing  test specimens must be heated t o  1600'F 
and the  bear ings  should opera te  a t  the  lowest poss ib l e  
temperatures.  

2 )  The r o t o r  ca r ry ing  the  test  specimen must run 
smoothly and w i t h  t he  minimum v i b r a t i o n s  t o  
assure  high q u a l i t y  of f r i c t i o n  and wear test 
da t a ,  

3) The high vacuum environment imposes problems 
i n  s e l e c t i n g  bear ings  capable of ope ra t ing  
success fu l ly  under the  test cond i t ions  f o r  
s u f f i c i e n t l y  long t i m e s .  Regardless  of t h e  
bear ing  type ,  t he  high su r face  speed (5000 
fpm) of t h e  test specimens f avor s  small 
bear ing  diameters .  

4 )  The ques t ionable  l i f e  expectancy of even t h e  
most s u i t a b l e  bear ing  type f o r  high vacuum 
ope ra t ion  demands that  the  r o t o r  and bear ings  
can be removed e a s i l y  and the  bear ings  replaced,  

5 )  Bearings loads  must  be minimized, 
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6)  Rotor d r i v e s  i n  hermet ica l ly  sea led  vacuum 
chambers are power l imi ted .  

The divergency of these f a c t o r s  r equ i r e s  compromises. F i r s t ,  
an at tempt  w a s  made t o  reduce the  sp ind le  speed t o  the  lowest 
p o s s i b l e  value without impair ing s i m p l i c i t y ,  power consumption of 
t h e  test sp ind le  and over -a l l  s i z e  of t h e  test r i g .  As Figure 6 
i n d i c a t e s ,  sp ind le  speed drops sharp ly  i f  t he  wear diameter  of the 
test  specimen i s  increased.  A 4-inch wear diameter  of t h e  test  
specimen i s  t o l e r a b l e  wi th  r e spec t  t o  t h e  requi red  sp ind le  torque 
and ove r -a l l  tes t  r i g  dimension. 

S impl i c i ty  i n  design favored mounting the  test specimen on an 
overhung s h a f t .  To ob ta in  a smooth running s p i n d l e ,  i t  i s  d e s i r a b l e  
t o  minimize t h e  sp ind le  overhang. However, t o  minimize thermal 
loading  of t h e  bear ings ,  which is  caused by heat flow from t h e  hot  
test specimen s e c t i o n  (1600'F) along the  r o t a t i n g  s h a f t ,  t he  sp ind le  
overhang has t o  be appreciably long. Considerable e f f o r t  w a s  ex- 
pended on an acceptable  compromise between bear ing  spac ing ,  sp ind le  
overhang, c r i t i c a l  s h a f t  speed and thermal loading of t he  bear ings.  
Unfor tuna te ly ,  t h e  e x i s t i n g  computer program for determiliing the  
temperature  d i s t r i b u t i o n  i n  components l i k e  the  s h a f t  could not  be 
employed because the  main mode of hea t  t r a n s f e r  i n  t h i s  case i s  
rad ia . t ion .  

The complexity of heat t r a n s f e r  by r a d i a t i o n  permit ted only a 
paramet r ic  s tudy of the temperature d i s t r i b u t i o n  along the  s h a f t ,  
which had t o  be performed i n  p a r a l l e l  w i t h  s t u d i e s  of the  s p i n d l e ' s  
v i b r a t i o n a l  c h a r a c t e r i s t i c s .  In  t h i s  a n a l y s i s ,  the  s h a f t  w a s  con- 
s ide red  a f i n  t r a n s f e r r i n g  hea t  by r a d i a t i o n  i n t o  an enc losure  with 
uniform temperature. The fol lowing assumptions were made: 

1) The emissions and r e f l e c t i o n s  from a l l  su r faces  
are d i f f u s e ,  i . e . ,  Lambert's cosine l a w  i s  
obeyed e 

2 )  The view f a c t o r s  from a d i f f e r e n t i a l  area on the 
f i n  sur face  t o  the  enc los ing  su r faces  are 
e s s e n t i a 1 . l ~  c o n s t a n t  over t h e  f i n  s u r f a c e .  

3) Emiss iv i ty  i s  not  a func t ion  of temperature.  

4 )  Sha f t  material i s  M-252 a l loy .  

To a l a r g e  e x t e n t ,  t h e  a n a l y s i s  u t i l i z e d  work repor ted  by L i e b 1 e h 1 . l ~ ~  
The fol lowing equa t ions ,  toge ther  with Figure 3 have been used t o  
determine t h e  shaf t  temperature a t  t h e  l o c a t i o n  of the  lower bearing: 
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E =  1 

where L = genera l ized  length  parameter 

_e = f i n  length  ( sha f t  l eng th )  

E = emiss iv i ty  view f a c t o r  

k = thermal conduct iv i ty  of s h a f t  material 

t = th ickness  of f i n  

To = source temperature 

= f i n  emis s iv i ty  

& = s i n k  emiss iv i ty  

A = f i n  area 

As = Sink area 

= Bolt'zman's Constant ,  .173 x (Btu/hr)Pt2.R4 

R = Rankine temperature 

F igures  7 through 10 s u a a r i z a  t h e  r e s u l t s .  F igures  7 ( a )  through 
7 ( c )  i l l u s t r a t e  bear ing  test temperature f o r  var ious  emis s iv i ty  view 
f a c t o r s ,  E ,  and f i n  th icknesses ,  t (t  = 2x a c t u a l  s h a f t  w a l l  th ick-  
n e s s ) ,  as a f u n c t i m  of the  tes t  specimen temperature (source tempera- 
tiire) for a cons tan t  length  overhang (L = 8.5 inches) .  The s i n k  
temperature i n  t h i s  case i s  S t O O R ;  enc losure  w a l l s  are water-cooled. 
F igures  8 ( a )  through 8 ( c )  show the  same r e l a t i o n s h i p s  f o r  a lower 
s i n k  temperature;  enc losure  w a l l s  are cooled wi th  l i q u i d  n i t rogen ,  
The e f f e c t  of a lower s i n k  temperature upon bear ing  hea t  temperature 
apparent ly  i s  minimal. The s h a f t  th ickness ,  however, has a s i g n i f i -  
can t  e f f e c t  on t h e  bear ing  temperature.  

From F igures  9 ( a )  through 9 ( c )  and 10(a)  through l O ( c ) ,  t he  length  
of t h e  overhang necessary t o  maintain a s e l e c t e d  temperature ,  TL, of 
t h e  exposed bear ing  can be determined. The p l o t  is a func t ion  of 
t h e  test  specimen temperature (source temperature) f o r  var ious 
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e m i s s i v i t y  view f a c t o r s ,  E ,  and a cons t an t  s h a f t  w a l l  th ickness .  
Except f o r  t h e  s i n k  temperature,  these f i g u r e s  are i d e n t i c a l .  
Here, aga in ,  the e f f e c t  of low s i n k  temperatures i s  small. I n  
a d d i t i o n  t o  the  advantages of r a d i a t i v e  heat t r a n s f e r ,  cool ing t h e  
e n c l o s u r e  w i t h  l i q u i d  n i t rogen  has another b e n e f i c i a l  e f fec t  i n  
t h i s  p a r t i c u l a r  a p p l i c a t i o n ;  i t  w i l l  provide s i g n i f i c a n t  cryogenic 
pumping capac i ty .  For t h i s  reason,  l i q u i d  n i t rogen  w i l l  be used 
i n  t h e  cool ing c o i l s  t h a t  surround the  tes t  s e c t i o n  and the  over- 
hung s h a f t .  The s h a f t  material s e l e c t i o n  a l s o  a f f e c t s  t he  heat 
t r a n s f e r  i n  t ha t  the  candidate  material should have no t  only 
a p p r o p r i a t e  s t r e n g t h  and r i g i d i t y  a t  t h e  e2evated temperatures 
b u t  also low thermal conduct ivi ty .  For these reasons,  M-252 has 
been s e l e c t e d  f o r  t h e  s h a f t  material. 

As Figures  9 and 10 i n d i c a t e ,  considerable  overhang of t h e  
s h a f t  is required t o  maintain low s h a f t  temperatures near  the ex- 
posed bearing. Because of the  na tu re  of r a d i a t i v e  heat t r a n s f e r ,  
removing h e a t  by r a d i a t i o n  becomes i n c r e a s i n g l y  d i f f i c u l t  as t h e  
shaf t  temperature approaches the  s i n k  temperature. Therefore ,  
a d d i t i o n a l  means have been provided t o  minimize conductive heat 
flow along the s h a f t  i n t o  the  bear ing area, The s h a f t  t a p e r s  from 
t h e  ho t  test  s e c t i o n  toward the  bea r ing ,  and ho le s  have been 
d r i l l e d  i n  the  least stressed p o r t i o n s  of s h a f t  and i n  the  support  
d i sc s  of the test specimen t h a t  are at tached t o  the s h a f t .  The 
conductive heat flow i n t o  t h e  bear ing is reduced f u r t h e r  by a 
bushing, which is welded t o  t h e  s h a f t ,  and by p u t t i n g  grooves i n  
t h e  bear ing seats, 

The s h a f t  overhang is a f f e c t e d  considerably by t h e  v i b r a t i o n a l  
c h a r a c t e r i s t i c s  of the r o t o r  bear ing system. S a t i s f a c t o r y  per-  
formance can be expected only i f  the  r o t o r  design speed is lower 
than  the f i r s t  c r i t i c a l  s h a f t  bear ing sys t em speed. As mentioned 
p rev ious ly ,  computer programs have been employed w i t h  the heat 
t r a n s f e r  s t u d i e s  t o  determine the  c r i t i c a l  speed of the r o t o r  
bea r ing  system. The computer program takes i n t o  account t h e  temper- 
a t u r e  d i s t r i b u t i o n  along t h e  s h a f t .  Table V I 1 1  summarizes the 
r e s u l t s  f o r  va r ious  s h a f t  configurat ions.  All c a l c u l a t i o n s  are 
made f o r  the  h ighes t  test s e c t i o n  temperature (1600'F). I t  i s  
e s t ab l i shed  tha t  the  geometr ical  r e l a t i o n s h i p  between overhang and 
the  d i s t a n c e  between the  s h a f t  bear ings in f luences  the  magnitude 
of t h e  c r i t i c a l  speed. . I n  the  f i r s t  set of c a l c u l a t i o n s ,  an 
a t t empt  was made t o  dptimize the spacing between the  bearings.  

As shown i n  Table V I 1 1  and Figure 11, the c r i t i c a l  speed can be 
inc reased  i f  t h e  bea r ing  spacing is increased and t h e  overhang re- 
mains constant .  Because of l i m i t a t i o n s  i n  ove r -a l l  test  r i g  l e n g t h ,  
complete advantage could no t  be taken of  optimum bearing spacing. 
An 8-inch span was s e l e c t e d  as a t o l e r a b l e  bear ing spacing and 
cond i t ions  4 and 5 i n  Table V I 1 1  were used t o  select a s h a f t  overhang 
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TABLE V I I I :  CRITICAL SPEEDS FOR VARIOUS SHAFT CONFIGURATIONS 

Bearing S t i f f n e s s ,  F i r s t  C r i t i ca l  Speed, 
Shaft  Configuration lb/inch r Pm - 

I 

K- 16.62-1 

- + 5 * 9  4 9.9 

2 .  w 

19.45 J - 
4. M 

19.89 4 
Shaf t  is tapered and 
has holes .  . 

5. 

21.89 y w- 
Shaft is tapered and 
has  h o l e s .  

1 x 106 

1 x 106 

1 x 106 

1 f 106 

1 x 106 

7015 

7600 

8400 

7360 

5980 
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of 11.65 inches.  Although t h i s  dimension d i f f e r s  s l i g h t l y  from t h a t  
l i s t e d  f o r  condi t ions  4 or 5 i n  Table VIII, the  f irst  c r i t i ca l  speed 
of t h e  f i n a l  sp ind le  conf igura t ion  w a s  ca l cu la t ed  a t  6600 rpm by ad- 
j u s t i n g  for  t h e  length.  This  speed i s  approximately 13,8% higher  
than  the  des ign  speed and should be adequate. 

Spec ia l  gold p l a t e d  M-50 angular  contac t  b a l l  bear ings  w i t h  s i l v e r  
plated,~7Ci.E%3e-!C, f u l l y  machined retainers support  t he  sp ind le ,  which 
carries t h e  sp ind le  overhang, t he  t w o  wheels with t h e  f o u r  disc- type 
test specimens a t  t h e  lower end and t h e  Alnico V magnet of t he  
synchronous permanent magnet c l u t c h  on the  top. The bear ings  have 
been i n s t a l l e d  i n  a water or  l i q u i d  n i t rogen  cooled housing, so t h a t  
t h e  hea t  generated i n  t h e  bear ing  while  running i s  e a s i l y  conducted 
i n t o  t h i s  hea t  s ink ,  The bear ings ,  preloaded by s p r i n g s ,  can be 
removed e a s i l y  and exchanged, Because of t he  p a r t i c u l a r  arrangement 
of t h e  f o u r  s t a t i o n a r y  r i d e r  specimens, bear ing  loading  from t h e  r i d e r  
specimens i s  s m a l l .  The l a r g e s t  load which t h e  b a l l  bear ings  must 
endure i s  the  a x i a l  p u l l  exer ted  by the  magnetic c lu tch ,  The magnitude 
of t h i s  load i s  unknown now and can be determined only a f t e r  t h e  test  
r i g  has  been assembled. 

Magnetic Clutch and Drive-Motor. Operating a r o t a t i n g  sp ind le  
i n  a c l ean  vacuum of approximately 10-9 t o r r  i s  f e a s i b l e  only wi th  
he rme t i ca l ly  sea led  d r i v e  systems. Bas i ca l ly ,  t h e r e  are two p r a c t i c a l  
ways t o  t ransmi t  f o r c e  through a continuous boundary. The most con- 
vent iona l  method uses  magnetic forces, This  p r i n c i p l e  i s  appl ied  i n  
canned induct ion  motors and i n  permanent and electromagnet ic  c lu t ches  
and couplings.  The second method t ransmi ts  mechanical f o r c e  through 
a deformable membrane. Since r e l i a b l e  systems of the  l a t t e r  type are 
n o t  y e t  a v a i l a b l e ,  a synchronous permanent magnetic c lu t ch  has been 
s e l e c t e d  

Based on t h e  experience w i t h  a very similar perqanent magnetic 
c l u t c h  a t  NASA-Lewis Research Center f o r  a comparable purpose139 and 
t h e  recommendations made by the  Magnetic Materials Sec t ion ,  Metallur- 
g ical  Products  Department, General Electr ic  Company, such a c lu t ch  of 
proper  size should t r ansmi t  as much as 5 hp a t  des ign  speed. The 
c l u t c h  i t s e l f  c o n s i s t s  of two a x i a l l y  opposing,twenty-tooth permanent 
magnets separa ted  by a cup shaped, 0.030-inch t h i c k  Inconel membrane. 
The c lu tch  material i s  Alnico V, To avoid the p o s s i b i l i t y  of c lutch 
discs  bu r s t ing  a t  high speed,  Inconel r i n g s  have been shrunk over the  
o u t e r  diameter of the  magnets. 

The d i s t a n c e  between the  two po le  faces c e r t a i n l y  a f f e c t s  the 
t ransmiss ion  e f f i c i e n c y  of t h e  c lu tch ,  To minimize t h e  gap between 
t h e  po le  f a c e s  and t h e  membrane, contour gr inding  of t he  po le  faces 
i s  required.  The t ransmission l o s s e s  of a permanent magnetic c l u t c h  
of t h i s  type occur  i n  t h e  diaphragm i n  the  f o r m  of heat.  F igures  92 
and 1 3  show t y p i c a l  c h a r a c t e r i s t i c s  of a th ree  horsepower coupling, 
F igure  12, furn ished  by the  NASA-Lewis Research C e n t e r , f i s  self-ex- 
p lana tory .  Figure 13, furn ished  by t h e  Magnetic Material Sec t ion  , 
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General E l e c t r i c  Company, shows t h e  typical torque performance of such 
a c l u t c h  as a func t ion  of t he  axial  gap between the  two po le  faces. 
For t he  bear ing  material test r i g ,  t h e  torque t ransmiss ion  c a p a b i l i t y  
of t h e  magnbtic c l u t c h  has  been increased by en la rg ing  the  magnets' 
OD from 5 inches  t o  5.5 inches  and decreas ing  the  I D  from 3.5 inches 
t o  2,875 inches.  

The ou t s ide  magnet of t he  couple i s  a t tached  t o  the  s h a f t  of the  b a l l  
bear ing  mounted sp ind le  which i s  mounted on top  of t h e  evacuated test 
r i g  housing. By three set-screws which are mounted i n  the  f l ange  of 
t h e  sp ind le ,  t h e  gap between the  ou t s ide  magnet and t h e  membrane can 
be adjusted.  The i n s i d e  gap must be ad jus ted  by shims. A s p e c i a l  
thymotcol motor d r i v e s  t h e  sp indle  by b e l t .  The size and weight of 
t h e  thymotsol motor and the  a i m  t o  minimize v i b r a t i o n s  introduced t o  
t h e  test  r i g  from e x t e r n a l  sources  l i k e  the  motor l ed  t o  the s e l e c t i o n  
of the be l t -dr iven  sp indle ,  The s p e c i a l  thrymotrol motor has a 2% 
speed r egu la t ion  a t  top  speed, permi ts  t h e  speed t o  be p r e s e t  over 
a 100 t o  2500 rpm range and has a cu r ren t - l imi t  a c c e l e r a t i o n  t o  avoid 
pul l -out  of t h e  synchronous permanent magnetic c lu t ch .  The proper  
p u l l e y  whee l  diameter  r a t i o  provides  speed inc rease  from 2500 rpm t o  
t h e  maximum des ign  speed. 

Instrumentat ion.  During the  des ign ,  cons iderable  e f f o r t  w a s  
made t o  p l ace  t h e  necessary ins t rumenta t ion  and the  a s soc ia t ed  read- 
o u t  equipment ou t s ide  t h e  vacuum chamber whenever poss ib le .  The 
f r i c t i o n  and wear test r i g  r equ i r e s  ins t rumenta t ion  f o r  t hese  
measurements : 

1) T e s t  specimen loading 

2 )  Torque caused by f r i c t i o n  between candidate  
bear ing  mater i a1 s 

3) Temperature of the  t e s t  s e c t i o n  and the  b a l l  
bear ings  

4 )  Spindle speed 

5)  Vacuum i n  the  test chamber, 

The f o u r  s t a t i o n a r y  test specimens, r i d i n g  on the  r o t a t i n g  tes t  
specimens, are ind iv idua l ly  mounted i n  fou r  Rene' 41 loading  arms 
which pene t r a t e  t h e  s i d e  of the  vacuum chamber w a l l  and are 
connected t o  fou r  s t a i n l e s s  steel rods  w i t h  s l eeves  and screws. 
These arms extend outward r a d i a l l y ,  90' a p a r t ,  i n t o  the  atmosphere. 
Sea l ing  between the  atmosphere and vacuum i s  accomplished by f l e x i b l e  
s t a i n l e s s  steel bellows which are welded t o  the  Type 304 SS rods and 
t o  the Type 304 SS c o n f l a t  f l anges  t h a t  are attached t o  the  outskde 
of the vacuum chamber. The f l anges  are mounted on a s l eeve  which 
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prevents  excess ive  heat flow by r a d i a t i o n  from the  test s e c t i o n  
i n t o  the  f l ange  seats. The s l eeve  is undercut and i s  welded t o  
the  ou t s ide  vacuum chamber s e c t i o n  t h a t  surrounds the  test 
s e c t  ion. 

The load i s  appl ied  a t  the  end of the s t a i n l e s s  steel  rods  by 
dead weights. Therefore ,  t he  only c a l i b r a t i o n  requi red  w i l l  be 
t o  ta re -out  the  f r i c t i o n a l  loading on the  arm caused by f r i c t i o n  
i n  the  gimbal bear ings  of t he  load arm p ivo t  and the  r e s i s t a n c e  
a g a i n s t  d e f l e c t i o n  of t he  metallic bellows4 Using the  balance 
s c a l e  p r i n c i p l e ,  w i t h  the gimbal bear ing  as the p ivo t ,  t he  c a l i -  
b r a t i o n  w i l l  be m a d e  on t h e  completely assembled loading arm, 
Figure 14 i s  a schematic of the c a l i b r a t i o n  apparatus .  As 
planned,  t h e  load w i l l  be c a l i b r a t e d  before  each test w i t h  t he  
s t y l u s  t o  be tested i n  pos i t i on .  This ensures  tha t  the  s t y l u s  
weight  i s  f ac to red  i n t o  t h e  c a l i b r a t i o n .  

Four ind iv idua l  load cells ,  w h i c h  determine the  f r i c t i o n a l  
p u l l  of the loading  arms, measure t h e  f r k c t i o n a l  forces. The 
load c e l l  i s  a r i n g  type with f o u r  s t r a i n  gauges mounted in-  
t e r n a l l y  t o  form a br idge,  Since the load on the  s t r a i n  gauge 
r i n g  i s  always of a t e n s i l e  na tu re ,  t he  bridge c o n s i s t s  of two 
compensating and two record ing  gauges. 
Type F1021 have been selected. C a l i b r a t i o n  of t h e  f o r c e  pick- 
ups ,  s i m i l a r  t o  the  procedure used f o r  c a l i b r a t i n g  t h e  appl ied  
l o a d ,  is a s  follows: The e n t i r e  load arm assembly i s  mounted 
i n  the  c a l i b r a t i o n  f i x t u r e  shown i n  Figure 14 and the  c o r r e c t  
weights f o r  the planned test are placed on the  load pan; a 
known load i s  appl ied  t o  the side of the load tha t  i s  being 
appl ied  d i r e c t l y  a t  the  c e n t e r  l i n e  of the  s t y l u s ;  by varying 
t h i s  side p res su re ,  a curve can be cons t ruc ted  showing s i d e  
t h r u s t  versus  load r i n g  def lectbon.  This  c a l i b r a t i o n  method 
a s su res  high accuracy s i n c e  the e n t i r e  loading system i s  Cal i -  
b ra t ed  a s  a un i t .  The c a l i b r a t i o n  of t he  f o r c e  pickups w i l l  be 
made before  each test. 

Wiancko Force Pickups 

The design of t he  f r i c t i o n  tester c a l l s  f o r  s i x  permanent thermo- 
couples  i n  the  test s e c t i o n  area and two thermocouples f o r  t he  test 
r ing  spindle b a l l  bearings. The thermocouples for  the test sect ion 
are brought i n t o  the vacuum chamber through grooves provided i n  t h e  
load ing  arms. The thermocouple w i r e s  are brazed i n t o  these grooves 
and t o  the f l e x i b l e  metal bellow s l e e v e  t o  form a vacuum seal. 
Their l o c a t i o n s  i n  the test s e c t i o n  are as fol lows:  

1) One thermocouple wi th in  each of t h e  f o u r  
loading  arms t e rmina t ing  approximately 1/16 
inch  f r o m  the s t y l u s  specimen i n s i d e  the  arms. 

-73- 



h 

Loading A r m  

I t 
I 
I 

I '  

1 

Loading 
/ 

n 
Fix tu re  

Ind ica to r s  

w- S t y l u s  

F igure  14. T e s t  Setup f o r  Ca l ib ra t ion  of t he  Loading A r m  

-74- 



2 )  One thermocouple ou t s ide  each of two of t he  
loading  arms wi th  the  terminal  p o i n t  of the  
thermocouple extending i n t o  the  hea t ing  
plenum. (See Figure 15.) These thermocouples 
w i l l  measure the ambient temperature of the  
heat zone. One of t he  thermocouples w i l l  be 
used t o  record the  temperature and the  second 
thermocouple w i l l  be used as the  c o n t r o l  thermo- 
couple f o r  t he  s a t u r a b l e  reac tor . tempera ture  
c o n t r o l l e r .  

These s i x  thermocouples should provide the  necessary temperature 
p r o f i l e  t o  a s su re  the  accuracy of the  test d a t a .  

I n  add i t ion  t o  the  permanent temperature in s t rumen ta t ion ,  i t  i s  
planned t o  have a spare  loading a r m  equipped t o  measure the tempera- 
t u r e  of t h e  s$ylus  specimen. Figure 15 i n d i c a t e s  schemat ica l ly  
the  manner i n  which t h i s  i s  accomplished. I n  t h i s  loading a r m ,  a 
t h i r d  groove is provided f o r  the  thermocouple t h a t  is  t o  be loca ted  
wi th in  the  s t a t i o n a r y  s t y l u s  specimen through a hole  e i ther  eloxed 
o r  abras ive  d r i l l e d  i n t o  the  s t y l u s .  This al lows a temperature 
measurement as c l o s e  t o  the  con tac t  zone as f e a s i b l e  and i n d i c a t e s  
t h e  d i f f e r e n c e s  between the  a r m  and plenum temperatures  and t h e  
a c t u a l  temperature of the  s t a t i o n a r y  test specimen (although away 
from the  a c t u a l  i n t e r f a c e  1 . 

All thermocouples are swaged P t  vs. P t  + 1% Rh, A1203 (99.7%) 
i n s u l a t e d  and Inconel o r  tantalum sheathed. This  w i l l  provide the  
requi red  temperature c a p a b i l i t y  and assurance aga ins t  contamination 
o f  t he  two thermocouples extending i n t o  the  hea t ing  plenum. The 
thermocouples w i l l  be c a l i b r a t e d  p e r i o d i c a l l y  according t o  accepted 
1 abora tory  p r a c t i c e ,  

To ob ta in  i n d i c a t i o n s  of the  sp ind le  bear ing  temperatures ,  one 
chromel-alumel thermocouple p e r  bear ing  i s  imbedded i n  the housing 
w a l l  a s  c l o s e  a s  p o s s i b l e  t o  the  o u t e r  r ace  of the  bear ings.  All 
temperatures  will be recorded dur ing  the  tests on a Mineapolis- 
Honeywell multichannel s t f i p - c h a r t  recorder .  These recorders  a r e  
on a monthly c a l i b r a t i o n  schedule and recording accuracy is  w i t h i n  
5% of ind ica t ed  temperature.  

Test  sp ind le  speed i s  ind ica t ed  by the  vol tage  output  of an 
e lec t romagnet ic  pickup, Model 3045, made by E l e c t r o  Products  Lab- 
o r a t o r i e s .  The pickup i s  i n s t a l l e d  i n  the  w a l l  of t h e  vacuum 
chamber between the  bear ings.  A twenty-tooth gear  a t t ached  t o  t h e  
s p i n d l e  genera tes  t he  frequency when the sp ind le  i s  r o t a t i n g .  The 
e lec t romagnet ic  pickup does not  p e n e t r a t e  i n t o  the  vacuum chamber 
bu t  rather r ece ives  i t s  s i g n a l  through a t h i n  walled s e c t i o n  ( 0.060- 
i nch )  of the  vacuum chamber. To r ece ive  s u f f i c i e n t l y  s t rong  s i g n a l s  
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through the  nonmagnetic Type 304 SS wall,  a pickup with an e x t r a  
high vol tage  output  was se lec ted .  

The vacuum pres su re  i s  measured by a General E l e c t r i c  i o n i z a t i o n  
gauge, Model 22GT102, wi th  a General E l e c t r i c  i o n i z a t i o n  gauge 
c o n t r o l ,  Model 22GC100. 

Liauid Pbtassium F r i c t i o n  and Wear T e s t  R i g  

S tud ie s  were i n i t i a t e d  t o  determine the  most s a t i s f a c t o r y  
method of in t roducing  the  potassium i n t o  the  f r i c t i o n  tester,  main- 
t a i n i n g  the  proper  flow over  the  test specimens and removing the  
potassium from the  tester a f t e r  completing the  test run, From 
c u r r e n t  i n d i c a t i o n s ,  a pumped, r e c i r c u l a t i n g  system apparent ly  
o f f e r s  the  most s a t i s f a c t o r y  design. When more of the  work has  
been completed, details  of t he  design w i l l  be reported.  
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V I I ,  FUTURE PLANS 

The summary procedure which fol lows enumerates the  s t e p s  to  be 
pursued dur ing  the  succeeding qua r t e r  t o  implement t h i s  research  
s tudy . 

1) Continued l i t e r a t u r e  search and compilat ion of proper ty  data 
on candidate  bear ing  materials. 

2) Receive seamless tubing ,  sheet and w i r e  of Cb-1Zr a l l o y  f o r  
capsule  cor ros ion  test program. 

3) Submit pre l iminary  test p l ans  t o  NASA f o r  review and approval.  
These inc lude  tests f o r  co r ros ion ,  ho t  hardness ,  compression, thermal 
expansion, dimensional s t a b i l i t y ,  vacuum f r i c t i o n  and wear and pro- 
cedures  for  p u r i f i c a t i o n  and ana lys i s  of potassium. 

4 )  I n i t i a t e  p repa ra t ion  of procurement s p e c i f i c a t i o n s  f o r  can- 
d i d a t e  bear ing  materials. 

5 )  Continue s t u d i e s  of the conceptual design of t he  l i q u i d  potass-  
ium vers ion  of f r i c t i o n  and wear test apparatus .  

6 )  Complete t h e  d e t a i l  drawings f o r  the  high vacuum f r i c t i o n  and 
wear test  apparatus .  

7) Complete d e t a i l  drawings f o r  the  isothermal  cor ros ion  capsule  
t e s t  f a c i l i t y  and i n i t i a t e  drawings for the  dimensional s t a b i l i t y  test 
f a c i l i t y .  

8 )  Place o rde r  f o r  vacuum chamber f o r  compression tests. 

-79- 



V I I I .  BIBLIOGRAPHY 

------ , "Proper t ies  of Kennametal Hard Carbide Alloys ," Bull-  1 

e t i n  No. 800 (February,  1963),  Kennametal, Inc.  

II 2 ------ , Kentanium, Heat-Resis tant  Titanium Carbide Alloys,"  
B u l l e t i n  No. B-444 ( Ju ly ,  1957), Kennametal, Inc.  

3 _----- , "Engineering P rope r t i e s  of Kentanium" ( Ju ly ,  1955) ,  
Kennametal , Inc.  

Redmond, J. C . ,  and Graham, J. W . ,  "Field of Cemented Carbides 
Expanded by Titanium Compositions," Metal Progress  (Apr i l ,  
1952). 

I f  G r a h a m ,  J. W . ,  Titanium Carbide," Machine Design (May, 1954).  

6 ------ , "Proper t ies  Handbook - Carboloy Cemented Carbides ,  Carbo- 
loy Cemented Oxide, General E l e c t r i c  Hevimet" (19581, Metallur- 
g i c a l  Products Department, General Electr ic  Company. 

11 S h a f f e r ,  T. B . ,  P r o p e r t i e s  of High Temperature Materials (Borides,  
Carbides ,  E lemen t s ,  N i t r i d e s ,  Oxides and S i l i c i d e s ) "  (January,  
1963) ,  Carborundum Company. 

11 8 - - .- - - - , Boron Ni t r ide  , Technical B u l l e t i n ,  Carborundum Company. 

9 Love, R. W . ,  "Proper t ies  of Carbides,  Borides and Ni t r ides , "  Norton 
Company. 

10 ------ , " P u r i t i e s  of Carbides ,  Borides and N i t r i d e s  , I 1  Norton Company. 

11 ------ , "Lucalox-Polycrystalline Ceramic," Rept. L-2-R (January, 
1963) ,  Lamp G l a s s  Department, General E lec t r ic  Company. 

l2 P i e r r e ,  D. S . ,  and G a t t i ,  A . ,  "Process for Producing Transparent 
P o l y c r y s t a l l i n e  Alumina," Pa ten t  3 ,026,  177 (March 20, 1962),  
United S t a t e s  Pa ten t  Off ice .  

Coble, R .  L., "Transparent Alumina and Method of Prepara t ion ,"  
Pa ten t  3,026,210 (March 20, 1962),  United S t a t e s  Pa ten t  Off ice .  

-81- 



I t  _----- , Haynes Alloy No. 25," B u l l e t i n  F-30 (June, 19621, 
S t e l l i t e  Div is ion ,  Union Carbide Corporation. 

14 

15 ------ , "Haynes Alloy No, 25 - Cold-Reduced and Aged" (June 27, 
1958) ,  S t e l l i t e  Div is ion ,  Union Carbide Corporation. 

16 ------ , "Haynes S t e l l i t e  Alloy 6K and 6B," B u l l e t i n  F-30 
(September, 1961) ,  S t e l l i t e  Div is ion ,  Union Carbide Corpor- 
a t ion .  

17 ------ , "Haynes S t e l l i t e  Alloy 6B," B u l l e t i n  No. 1.4 (September 1 2 ,  
1961) ,  S t e l l i t e  Div is ion ,  Union Carbide Corporation. 

11 Herchenroeder, R. B e ,  Meta l lurg ica l  Evaluat ion of Haynes S t e l l i t e  
Alloy 6B," P r o j e c t  816-41101 (March 15 ,  1961) ,  S t e l l i t e  
Div is ion ,  Union Carbide Corporation. 

Herchenroeder, R. B . ,  "Metal lurgical  Evaluat ion of Haynes S t e l l i t e  
Alloy SB," P r o j e c t  816-41101 (December 27, 19611, S t e l l i t e  
Div is ion ,  Union Carbide Corporation, 

l l  20 --_.--- , Haynes Wear-Resistant Alloys - Haynes S t e l l i t e  Alloy No, 3 ,  
No. 19 and S t a r  J-Metal," B u l l e t i n  F-30 (May, 1962) ,  S t e l l i t e  
Div is ion ,  Union Carbide Corporation. 

21 ---.--- , "Haynes Alloy Cb-751 and Haynes Alloy Cb-752," New Product 
Data Sheet (1962), S t e l l i t e  Div is ion ,  Union Carbide Corpora- 
t ion .  

22 ---.--- , "Haynes Metal Ceramics, LT-1B and LT-2," B u l l e t i n  No. F-30 
(February,  1962) ,  S t e l l i t e  Div is ion ,  Union Carbide Corporation, 

23 ------ , "Zirconium Oxides, High Temperature Materials," Technical 
Data Sheet No.  1 (Apri l  3 ,  1963),  Zirconium Corporation of 
America. 

24 C u r t i s ,  C. E . ,  "Proper t ies  of Yttrium Oxide Ceramics," Journal  of t he  
American Ceramic Soc ie ty ,  vol. 40, p. 274 (August, 1957). 

25 Long, R. E.,  and Shof i e ld ,  H. Z . ,  "Bery l l ia , "  Reactor Handbook, 
vol.  3 ,  AECD-3647, United S t a t e s  Atomic Energy Commission. 

26 Brown, R. J., "Bery l l ia  Ceramics," Brush Beryllium Company. 

-82- 



11 27 ------ , Beryl l ides"  (October 1, 1961),  Brush Beryllium Company. 

28 --I--- , "Brush Beryllium Oxide Bodies: F-1" (February 1, 1963),  

29 _----- , "Brush Beryllium Oxide Bodies: F-1" (February 1, 19631, 
Brush Beryllium Company. 

ll 30 ------ , Brush Beryllium Oxide Bodies: B-6" (February 1, 1963),  
Brush Beryllium Company. 

t? 31 Brown, R. J., Reproducib i l i ty  of B e r y l l i a  Ceramics f o r  E lec t ron ic  
Applicat ions"  (December 1 4 ,  1962),  Brush Beryllium Company 

II 32 - -_.- - - , Ferro-Tic C ,  The Only Machinable Carbide," B u l l e t i n  No. 51,  
S i n t e r c a s t  Div is ion ,  Chromalloy Corporation, 

I 1  33 ------ , Ferro-Tic J , "  B u l l e t i n  N o ,  71  (October 15 ,  1962) ,  S in t e r -  
cast  Div is ion ,  Chromalloy Corporation. 

11 34 ------ , "Ferro-Tic Grades S-45 and S-55, B u l l e t i n  No. 60, S in t e r -  
c a s t  Div is ion ,  Chromalloy Corporation. 

35 Eprier, M., and Gregory, E . ,  "Some Prope r t i e s  and Metallography of 
Steel-Bonded Titanium Carbide,"  Transact ions of the  Metallur- 
g i c a l  Soc ie ty  of AIME, vol.  218, pp. 117-121 (February,  1960). 

36 Epner, M. and Gregory, E . ,  "Carbides of Elements  of the  F i f t h  
Group of the  Per iodic  Table Bonded with S t e e l  'I Planseeber ich te  
Fur Pulver  Metal lurgie  (December, 19591, 

II 37 --_--- , Bearing S t e e l s , "  Company D a t a  Fo lder ,  Vanadium Alloys S t e e l  
Company. 

I t  38 ---.--- , Vascomax 250 and 300, 18% Nickel U l t r a  High-Strength Maraging 
Steels" (1962), Vanadium Alloys S t e e l  Company. 

I 1  
---I--- , Bearing S t e e l  Se lec to r , "  Company Data Shee t ,  Vanadium Alloys 39 

S t e e l  Company. 

40 ---,--- , ''Rex 49 High Speed S t e e l , "  Data Sheet D5258 (August, 1961) ,  
Crucible  S t e e l  Company of America, 

11 41  ------ , "Columbium-1% Zirconium, Wah Chang Corporation. 

-83- 



42 ------ , "Recent General Electr ic  Company Developments i n  Columbium 
Base Alloys" (February,  1962) ,  F l i g h t  Propuls ion Div is ion ,  
General E lec t r ic  Company. 

43 Clark ,  J. W., '(The E f f e c t s  of In t e r s t i t i a l s  on the  P r o p e r t i e s  of 
Cb-Rich Alloys i n  the  Cb-W-Zr System, Rept. R61FPD106 
(June, 1961),  F l i g h t  Propuls ion Div is ion ,  General E l e c t r i c  
Company. 

11 

I1  44 --I--- , Developmental D a t a  - C l i m e l t  TZM" (January,  1962) ,  Climax 
Molybdenum Company of Michigan. 

11 45 G i l b e r t ,  R, W., and Houston, J. V. Jr., TZM-New Alloy Broadens 
Applicat ions f o r  Molybdenum," Metals Progress  (November, 1962). 

46 Hourck, J. A., "Physical and Mechanical P rope r t i e s  of CommerCial 
Molybdenum-Base Alloys," DMIC R140 (November, 1960) ,  Bat te l le  
Memorial I n s t i t u t e ,  

47 Ki r t ch ik ,  H, , "Review on Refractory Cerium Su l f ides  , I "  Rept. R57AGT80 
(November, 1957) ,  F l i g h t  Propuls ion Div is ion ,  General E l e c t r i c  
Company. 

48 Smi the l l s ,  Col in  J., Metals Reference Book, vol.  2 ,  But terworth,  Inc., 
Washington, D. C . ,  1962. 

I ?  49 Thomas, D. E,, and Hayes, E. T., Metallurgy of Hafnium" (1960) , 
United S t a t e s  Government P r i n t i n g  Of f i ce ,  Washington 25, D, C. 

50 ------ , Dow Chemical Company, JANAF Thermochemical Tables ,  Midland, 
Michigan, 1963. 

I ?  51 Q u i l l ,  L, L,,  The Chemistry and Metallurgy of Miscellaneous Materials," 
Thermodynamics, M c G r a w - H i l l ,  New York, 1950. 

52 Campbell, I, E , ,  High Temperature Technology, Wiley, New York, 1956. 

I? Samsonov, G. V , ,  Heats of Formation of t he  Borides of Some Trans i t ion  
53 

Metals ," Zhurnal F iz icheskoi  Khimii 
Chemistryf p. 2057 (195G). 

E, Journal  of Phys ica l  

I ?  54 B r e w e r ,  L., and Haroldsen, H., The Thermodynamic S t a b i l i t y  of Refrac- 
t o r y  Borides," Journal  of Electrochemical Soc ie ty ,  vol ,  102, 
p. 399, 1955. 

-84- 



55 Kubaschewski , 0, and Evans e E., L1. Metallurgical Thermochemistry, 
Pergamon Press, London, 1956, 

57 Elliott, J, F, , Thermochemistry for Steelmaking, vol. 1, Addision- 
Wesley Publishing Company, Inc., Massachusetts, 1960. 

11 

11 
58 Veil, D. B,, Compatibility of Materials in Liquid Sodium: Second 

Report, Rept, KAPL-1021 (1954), Knolls Atomic Power Labora- 
tory, General Electric Company. 

59 Hoffman, E, E., "Boiling Alkali Metals and Related Studies," - NASA- 
AEC Liquid-Metals Corrosion Meeting, December 7-8, 1960, 
Technical Note D-769 (February, 1961), National Aeronautics 
and Space Administration. 

11 6o Semmel, J, W., Jr., Liquid Metal Investigation," Third Annual 
AEC-NASA Liquid Metals Corrosion Meeting, December 14-15, - 1961, 
TID-7626, Part 1, p. 69 (1962), United States Atomic Energy 
Commission. 

I t  61 Teitel, R. J, , "Alkali Metal Corrosion Studies, NASA-AEC Liquid- 
Metals Corrosion Meeting, December 7-8, 1960, Technical Note 
D-769 (February, 1961), National Aeronautics and Space 
Administration. 

11 11 ------ , Compatability of Materials with High Temperature Potassium, 62 

Qtr. Rept. 3, NP-10147 (November 1, 1960), Rocketdyne Division, 
North American Aviation, 

11 63 Kovacevich, E. A., Potassium Corrosion Studies," Third Annual AEC- 
NASA Liquid Metal Corrosion Meeting, December 14-15, 1961, 
TID-7626 Part 1, p.63 (19621, United States Atomic Energy 
Commission. 

64 ------ , Unpublished data, Flight Propulsion Division and Space Power 
and Propulsion Section, Missile and Space Division, General 
Electric Company. 

11 65 Brasunas, A., Liquid Metal Corrosion," Corrosion, pp. 78-84 (May, 
1953). 

11 66 Manly, W, D, , Fundamentals of Liquid Metal Corrosion," Corrosion, 
V O ~ .  12, pp. 336t-342t (1956). 

-85- 



.. 
\ 

67 Weeks, J. R., and Gurnisky, D. H, ,  "Solid Metal-Liquid Reactions 
i n  Bismuth and Sodium," Liquid Metals and S o l i d i f i c a t i o n ,  
American Socie ty  f o r  Metals ,  Cleveland, 1958. 

I 

I1 68 McCreight, L. R, ,  S t a t i c  Sodium Corrosion T e s t s  of Ct ramic 
Mate r i a l s , "  Memo LBM-2 (Ju ly  6 ,  1957), Knolls ALomic Power 
Laboratory,  General E l e c t r i c  Company. 

11 69 Cook, W. H.,  Corrosion Resis tance of Various Ceramics and C e r m e t s  
t o  Liquid Metals ," Oak Ridge National Laboratory. 

70 V e i l ,  D. B,, "Compatibil i ty of Materials i n  Liquid Metal," Rept. 
KAPL-589 (August 18, 1951), Knolls A t o m i c  Power Laboratory,  
General Electric Company. 

71 Lyon, R. N., Ed,, Liquid-Metals Handbook, 2d. ed. ,  United S t a t e s  
Government P r i n t i n g  Of f i ce ,  Washington 25, D. C . ,  1952. 

72 Jackson, C. B . ,  e d . ,  Liquid-Metal Handbook: Sodium (NaK) Supple- 
ment, 3d. ed . ,  United S t a t e s  Government P r i n t i n g  Of f i ce ,  
Washington 25, D. C. 
- 

73 Bosham, S. J., Stang, J. H., and Simom, E. M., "Corrosion Screening 
of Component Materials f o r  N a K  H e a t  Exchanger Systems," Nuclear 
Engineering and Science Conference, March 17-21, 1958, 
Chicago, I l l i n o i s .  

74 Kissel, J. W.,  Melton, C. W . ,  and Glaeser ,  W. A., "Behavior of 
Rubbing Molybdenum Surf aces  i n  Sodium Environments, " Rept. 
BMI-1405 (January 4 ,  1960), United S t a t e s  Atomic Energy 
Commission. 

75 Kissel, J. W . ,  Glaeser, W. A., and Allen, C. M., " F r i c t i o n a l  Be- 
havior  of Sodium Lubricated Materials i n  a Control led High 
Temperature Environment," Paper 61-Lubs-16 (May, 19611, 
American Socie ty  of Mechanical Engineers.  

( 1  76 Cof f in ,  L. F., Jr., Theory and Applicat ion of S l i d i n g  Contact of 
Metals i n  Sodium," Rept. KAPL-828 (October, 19551, Knolls 
Atomic Power Laboratory,  General E l e c t r i c  Company. 

11 77 Cof f in ,  L. F., Jr., Trans i t i on  Temperature f o r  Surf ace Damage i n  
S l i d i n g  Meta l l i c  Contact ,"  Lubricat ion Engineering, vol .  13 
( Ju ly ,  1957) . 

-86- 



I1 78 Coff in  , L. F. , Jr. , A Note on Aluminum Oxide as a Bearing 
Material , l1 Rept. KAPL-LFC-7 (February 17 , 1954) , Knolls 
Atomic Power Laboratory,  General E l e c t r i c  Company. 

79 Balchin,  N. C. , "The F r i c t i o n  of Clean Metals Immersed i n  Liquid 
Sodium, l1 Journal  of Applied Physics  , vol .  13 (1962). 

11 8o Apkarian , H. , Inves t iga t ion  of Liquid Metal Lubricated Bearings ,11 

Rept. R50GL231 (November 27, 1950), General Engineering 
Laboratory,  General E l e c t r i c  Company. 

81 Kumpitsch, R.  C . ,  Granan, J. R . ,  and Kroon, P. J. , "Study of a 
Liquid Metal NaK-77 f o r  Applicat ion i n  F l i g h t  Control  
System@;ll Rept. ASD-TDR-62-597, vol. 1 (May, 1962), Aero- 
n a u t i c a l  Systems Divis ion ,  A i r  Force Systems Command. 

11 82 Kumpitsch, R. C.,  Research on Liquid Metals as Power Transmission 
Flu ids" ,  Rept. WADC-TR-57-294, P a r t  2 (February, 19591, 
Wright Aeronaut ical  Development Center ,  Air Force Systems 
Command. 

11 83 Hal l  , J., e t  a l ,  , Determination of Working Flu id  Lubricat ion 
Capab i l i t y  i n  Journal  Bearings , Rept. ASD-TDR-62-640 . 

(December, 19621, Aeronaut ical  Systems Divis ion ,  Air Force 
Systems Command. 

11 

11 84 Rober ts ,  W. H. , F r i c t i o n  and Wear Behavior of Poss ib l e  Bearing 
Materials i n  High-Purity Liquid Sodium a t  Temperatures up 
to  5OO0C;" Annual Meeting Lubricat ion and Wear Group, 
Apr i l  12 ,  1962, I n s t i t u t i o n  of Mechanical Engineers.  

85 E l l i o t t  , D. F. , Holland, E . ,  and Tomblin, K. A . ,  "Some Prel iminary 
Tests on Bearing Mater ia l s  t o  Operate Under Liquid Sodium," 
R/R 1891 (19561, Atomic Energy Research Establ ishment  of 
G r e a t  B r i t a i n  . 

I 1  86 Meyers , N. 0 .  , Charac te r i za t ion  of Surface Roughness ,11 - Wear , 
vol .  5 , pp. 182 (May/June , 1962). 

87 Bowden, F. P. , and Tabor, D. , F r i c t i o n  and Lubricat ion i n  S o l i d s ,  
Oxford Univers i ty  P r e s s ,  London and New York, 1950. 

88 Bowden, F. P. , and Rowe,  G. W . ,  "The Adhesion of Clean Metals ,11 

Proceedings of the  Royal Socie ty  of London, S e r i e s  A,  vol. 236, 
p. 429 (1956). 

-87- 



89 Bowden, F. P., and Tabor, D. ,  The F r i c t i o n  and Lubr ica t ion  of 
S o l i d s ,  Oxford Univers i ty  P r e s s ,  London and New York, 1954. 

I t  Hersey ,  M. D . ,  and S t a p l e s ,  C. W . ,  Experiments i n  Imperfect 
Lubr ica t ion ,  Transac t ions  of t h e  American Soc ie ty  
of Mechanical Engineers ( Ju ly ,  1958) 

Boyd, Alexander, "A Research on Bearing Materials f o r  Nuclear 
11 Reactors ,  Canadian Mining and Meta l lu rg ica l  B u l l e t i n  

(August, 1956). 

92 Zeman, K .  P., Young, W. R. ,  and Coff in ,  L. F., J r . ,  "Fr i c t ion  
and Wear of Refractory Compounds," Rept. 59GC-23, (May, 19591, 
Research Laboratory,  General E lec t r ic  Company, 

11 93 Brown, R .  O. ,  e t  a l . ,  F r i c t i o n  and Wear C h a r a c t e r i s t i c s  of :Cermets 
a t  High Temperature and Vacuum,11 Rept. ASD-TDR-61-301 (19611, 
Aeronautical  Systems Divis ion ,  A i r  Force Systems Command. 

94 Peterson ,  M. B . ,  F lo rek ,  J. J., and Murray, S. F. ,  "Considerations 
of Lubricants  f o r  Temperatures Above 1000°F," TransaCtions 
of t he  American Socie ty  of Lubr ica t ion  Engineers ,  vo l .  2 
(October, 1959). 

1 1  95 Peterson ,  M. B . ,  Flor'ek, J. J . ,  and Lee, R.  E . ,  S l i d i n g  Character-  
i s t i c s  of Metals a t  High Temperatures," Transac t ions  of t he  
American Socie ty  of Lubr ica t ian  Engineers ,  vo l .  3 (Apr i l ,  1960). 

1 1  96 Pe terson ,  M. B., I nves t iga t ion  of Sol id  Film Lubricants  and S l i d i n g  
Contacts  a t  Temperatures Above 1000°F, Rept. APEX-569 (August, 
1960) ,  Nuclear Materials and Propuls ion Operat ion,  General  
E lec t r ic  Company. 

I I  97 Pe terson ,  M. B., F lorek ,  J. J., and Lee, R. E . ,  
t i c s  of Metals a t  High Temperatures," Paper 59 LC-5 (1959),  
American Socie ty  of Mechanical Engineers.  

S l i d i n g  Charac te r i s -  

98 Goodzeit ,  C .  G . ,  "The Se izure  of Metal P a i r s  During Boundary Lubri- 
c a t i o n , "  F r i c t i o n  and Wear, E l sev ie r  Publ i sh ing  Company, 
Amsterdam, 1959. 

99 Mordike, B. L., ')The F r i c t i o n a l  P r o p e r t i e s  of Carbides and Borides 
a t  High Temperatures , I t  Wear, vol .  3 (September/October , 1960). 

-88- 



loo Sib ley ,  L. B.,  Mace, A. E . ,  Grieser, D. R. ,  and Allen,  C. M . ,  
"Charac t e r i s t i c s  Governing F r i c t i o n  and Wear Behavior 
of Refractory Materials f o r  High Temperature Sea l s  and 
Bearings,  Rept. ASD-TDR-60-54 (May, 1960),  Aeronautical  
Systems Divis ion ,  Air Force Systems Command. 

1 7  

lo' LIason. Warren. P.. "Adhesion Between Metals and I ts  E f f e e t  on 
Fixed and S t i ck ing  Contacts ,"  Transact ions df t he  
Ameriean Socie ty  of Lubricat ion Engineers,  vol .  2 (1958). 

11 lo2 Euckley, D. H. , Swikert ,  M . ,  and Johnson, R. L. ,  F r i c t i o n ,  
Wear, and Evaporation Rates of Various Materials i n  Vacuum 
t o  mm Hg," Paper 61-LC-2 (October, 1961). American 
Socie ty  of Mechanical Engineers. 

lo3 St .  P i e r r e ,  L. E., and Hal tner ,  A. J. ,  "Ultra-High Vacuum Tech- 
niques f o r  t h e  Inves t iga t ion  of Space Lubr ica t ion ,"  Rept. 
61-RG2755C (June, 1961) ,  Research Laboratory,  General 
Electr ic  Company. 

lo4 Hansen, S., and Jones, W . ,  "Research Program on High Vacuum 
F r i c t i o n , "  L i t t o n  Publ ishing 1023 (Apri l  30, 1959). 

lo5 Bowden, P. H. ,  "Analyt ical  and Experimental Study of Adapting 
Bearings f o r  U s e  i n  an Ultra-High Vacuum Environmental- 
Phase I ,  11, and 111," Rept. ASD-TDR-62-51 (February, 19621, 
Aeronautical  Systems Divis ion ,  Air Force Systems Command. 

I 1  Riesz, C. H., and Weber, H. S., Mechanism of Wear of Nonmetallic 
Materials," Rept. WADC-TD-59-316-4 (June, 1962), Wright 
Aeronautical  Development Center ,  Air Force Systems Command. 

lo' Beane, G, A., "Advanced Lubricat ion Techniques ," Rept. ASD-TR- 
61-322 ( Ju ly ,  1961) ,  Aeronautical  Systems Divis ion ,  A i r  
Force Sys  t e m s  Command. 

lo8 Dowson, D. ,  and Longfield,  M. D , ,  "Dis t r ibu t ion  of Pressure  and 
Temperature i n  a Highly Loaded Lubricated Contact , I 1  Depart- 
ment of Mechanical Engineering, Leeds Un ive r s i ty ,  Leeds, 
England, 

log Hother-Lushington, S., and S e l l o r s ,  P. , "Water-Lubricated Bearings: 
I n i t i a l  S tud ie s  and Future  Prospects  i n  the  Power Generation 
Indus t ry ,"  Skel ton Grange Power S t a t i o n ,  Knostrop, Leeds. 

-89- 



I ?  'lo Roberts, W. H., Chromium Plate as a Bearing Surface at Elevated 
? I  Temperatures, Conference on Lubrication and Wear, 1957, 

Institution of Mechanical Engineers, 

Archard, J. F., ''The Wear' of Metals Under Unlubricated Conditions , I '  

Proceedings of the Royal Society of London, Series A, vol. 236, 
p. 397 (1956). 

11 Archard, J. Re, Elastic Deformation and the Laws of Friction," 
Proceedings of the Royal Society of London, Series A, vol .  243, 
p. 190 (1957). 

? I  11 Hirst, W., Wear of Unlubricated Metals, Conference on Lubrication 
and Wear, 1957, Institute Mechanical Engineers. 

I? Smith, F. W., The Effect of Temperature in Concentrated Contact 
Lubrication," Transcations of the American Society of Lubri- 
cation Engineers, vol. 5 (April, 1962). 

Furey, M. J., and Appeldoorn, J. K., "The Effect of Lubricated 115 

Viscosity on Metallic Contact and Friction in a Sliding 
System," Transactions of the American Society of Lubrication 
Engineers, vol. 5 (April, 1962). 

Evans, H. E., and Flatley, T. W e ,  "Bearings for Vacuum Operation, 
Retainer Materials and Design," Technical Note D-1339 (May, 
1962) National Aeronautics and Space Administration. 

l l  Lewis, P., Evaluation of Dry Film Lubricated Ball Bearings for Use 
in Spatial Environment, Phase I11 , I '  Rept. R61GL48 (February, 
1961), General Engineering Laboratory, General Electric 
Company. 

McShaw, B. A., and Mamir, P. A,, "Friction Characteristics of 
Surfaces Undergoing Subsurface Plastic Flow," Transactions 
of the American Society of Mechanical Engineers: Journal 
of Basic Engineering (June, 1960). 

? I  '19 Rubinowicz, E., Theoretical Criteria for the Effectiveness of a 
Lubricant Film" Transactions of the American Society of 
Lubrication Engineers, vol. 1, pp. 96-100, (1958). 

120 -.- -- -- , "Compatibility of Materials in Various Lubricating Media," 
BuShips Code 542, (May, 1964), Bureau of Ships. 

-90- 



12' Brush, E .  G . ,  "Resistance of Titanium Carbide Bearing Material 
t o  Corrosion i n  Sodium," Rept. KAPL-M-EGB-4, Knolls Atomic 
Power Laboratory,  General Electr ic  Company. 

I 1  122 EIrnst, H . ,  Liquid Metal Bearings and Sea ls , "  vol .  1, Data 
Memorandum 59-452A (September 15 ,  1959),  F l i g h t  Propuls ion 
Div is ion ,  General Electr ic  Company. 

123 Schwarzkopt, P. ,  and K i e f f e r ,  R . ,  Refractory Hard Metals, Mac- 
m i l l i a n ,  1953. 

124 K i e f f e r ,  D. R . ,  and Benesovsky, D. F., "Development of Alloys 
Having Good High Temperature P rope r t i e s  Through Powder 
Metallurgy Techniques , I 1  Rept. WALK-TR-55-243 (September, 
1957),  Wright Aeronautical  Development Center ,  Air Force 
Systems Divis ion.  

125 Knotek, O. ,  "Wear C h a r a c t e r i s t i c s  of Cemented Carbides and Hard 
Metal Alloys,"  (:n.b.: I n  German), Jermkontorets Annaler,  
vo l .  47,  no, 1 (1963), pp. 116-132. 

Norton, F. H . ,  Kingery, W. D . ,  Economos, G . ,  and Humenik, M., "A 
Study of Metal-Ceramic I n t e r a c t i o n s  a t  Elevated Temperature," 
Rept. "YO-3144 (February 1, 1953),  United S t a t e s  Atomic 
Energy Commission. 

-. - - - - - , "Determination of Sol id  S o l u b i l i t y  of Co and Fe i n  R e -  127 

f r a c t o r y  Carbides ,"  Metal Powder, Report 2 ,  p. 142 
(1947-48). 

128 ------ , Metals Handbook, 1961 e d . ,  vol .  1, American Socie ty  f o r  
Metals, Cleveland, 

C!hang, W. H . ,  "A Study of the  Inf luence  of Heat Treatment on Micro- 
structure and Properties of R e f r a c t o r y  A l l o y s , "  R e p t .  ASD- 
TDR-62-211 (Apr i l ,  1962),  Aeronautical  Systems Divis ion ,  
A i r  Force Systems Command. 

l 3 O  "Two-Stage T e s t  Turbine," Ser .  Progress  Reports C t r .  NAS 5-1143 
(May, 1961 Cont . ) ,  Space Power and Propuls ion Sec t ion ,  
Missile and Space Div is ion ,  General E lec t r ic  Company. 

13' Westbrook, J. H. , "An Improved Microhardness Tester f o r  High-Tempera- 
I 1  t u r e  Use, Rept. 59-RL-2279M (1959), Research Laboratory,  

General Electr ic  Company. 

-91- 



132 Westbrook, J. H.,  "Temperature Dependence of t he  Hardness of 
Secondary Phases Common i n  Turbine Bucket Alloys,"  
Journal  of Metals ( Ju ly ,  1957). 

133 Adamson, A. W . ,  Phys ica l  Chemistry of Surf aces ,  In t e r sc i ence  
Pub l i she r s ,  London, 1960. 

11 134 F i s h e r ,  D. H . ,  e t  a l , ,  Development of Methods and Instruments  
f o r  Mechanical Evaluat ion of Refractory Mate r i a l s  a t  Very 
High Temperatures, Rept. WADD-TR-60-155 (June, 19601, 
Wright Aeronaut ical  Development Div is ion ,  Air Force Systems 
Command. 

11 

F i s h e r ,  D. H. ,  e t  a l . ,  "Development of Methods and Instruments  
f o r  Mechanical Evaluat ion of Ref rac tory  Materials a t  Very 
High Temperatures , I t  Rept. ASD-'I%-61-74 (June, 19611, 
Aeronaut ical  Systems Divis ion ,  A i r  Force Systems Command. 

11 13' Salmassy, 0. K., Duckworth, W. H . ,  and Schwope, A, D., Behavior 
of B r i t t l e - S t a t e  Materials," P a r t  1, Rept. WADC-TR-53-50 
(June, 19541, Wright Aeronaut ical  Development Center ,  Air 
Force Systems Command. 

I I t  137 ------ , Survey of Mater ia l s  f o r  High-Temperature Bearings and 
S l i d i n g  Applicat ion,"  Rept. DMIC.106 (May 12 ,  19611, 
B a t t e l l e  Memorial I n s t i t u t e .  

I t  138 L ieb le in ,  S., Analysis of Temperature D i s t r i b u t i o n  and Radiant 
I I  Heat Transfer  Along Rectangular F in  of Constant Thickness,  

Technical Note D-196, National Aeronautics and Space 
Administration. 

Buckley, D. H. ,  and Johnson, R. L, , "Inf luence of Micros t ruc tura l  
Inc lus ions  on F r i c t i o n  and Wear of Nickel and I ron  i n  
Vacuum t o  10-9 mm Hg," Technical Note D-1708 (May, 19631, 
Nat ional  Aeronautics and Space Adminis t ra t ion.  

-92- 



DISTRIBUTION LIST 
QUARTERLY PROGRESS REPORTS 

September 3, 1964 
Contract  NAS 3-2534 

NASA 
Washington, D. C. 20546 
Attn: Walter C. S c o t t  

NASA 
Washington, D. C. 20546 
Attn:  James J. Lynch (RN) 

NASA 
Washington, D. C. 20546 
Attn: George C. Deutsch (RR) 

NASA 
S c i e n t i f i c  & Technical Information 

Box 5700 
Bethesda, Maryland 20014 
Attn:  NASA Representat ive 

F a c i l i t y  

NASA 
Ames Research Center 
Moffet F i e l d ,  C a l i f o r n i a  94035 
Attn: L ib ra r i an  

NASA 
Goddard Space F l i g h t  Center 
Greenbel t ,  Maryland 20771 
Attn:  L ib ra r i an  

NASA 
Langley Research Center 
Hampton, V i rg in i a  23365 
Attn: L ib ra r i an  

NASA 
Lewis Research Center 
21000 Brookpark Road 
Clevel.and , Ohio 44135 
Attn: L ib ra r i an  

NASA 
Lewis Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attn: D r .  Bernard Lubarsky (SPSD) 

NASA 
Lewis Research Center 
21000 Brookpark Road 
Cleveland,  Ohio 44135 
Attn: Roger Mather (SEPO) 

NASA 
Lewis Research Center 
21000 Brookpark Road 
Cleveland,  Ohio 44135 
Attn: G. M. A u l t  

NASA 
Lewis Research Center  
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attn: Joe Joyce (SEPO) 

NASA 
Lewis Research Center  
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attn: R. L. Davies 

NASA 
L e w i s  Research Center 
21000 Brookpark Road 
Cleveland,  Oh16 44135 
Attn: John J. Fackler  (SPSPS) 

NASA 
Lewis Research Center 
21000 Brookpark Road 
Cleveland,  Ohio 44135 
Attn: Norman T. Musial ,  

Pa t en t  Counsel 

-93- 



NASA 
L e w i s  Research Center 
21000 Brookpark Road 
Clevel.and, Ohio 44135 
Attn: Thomas Strom 

NASA 
Lewis Research Center 
21.000 Brookpark Road 
Cleveland, Ohio 44135 
Attn: T. A. Moss 

NASA 
Lewis Research Center 
21000 Brookpark Road 
Cleveland,  Ohio 44135 
Attn: D r .  Louis Rosenblum (MSD) 

NASA 
Manned Spacecraf t  Center 
Houston, Texas 77001 
Attn: Librar ian  

NASA 
George C. Marshall  Space F l i g h t  Center 
Hun t sv i l l e ,  Alabama 38512 
Attn: L ib ra r i an  

NASA 
Jc't Propuls ion Laboratory 
4800 Oak Grove Drive 
Pasadena, C a l i f o r n i a  99103 
Attn: L ib ra r i an  

NASA 
Western Operat ions Off ice  
150 Pic0  Boulevard 
Santa  Monica, C a l i f o r n i a  90400 
Attn: John Keeler 

Nat ional  Bureau of Standards 
Washington, D. C. 20225 
Attn: L ib ra r i an  

Aeronaut ical  Systems Divis ion 
Wright-Patterson A i r  Force Base 
Dayton, Ohio 45433 
Attn: Charles  Armbruster ASRPP-10 

Aeronautical  Systems Divis ion 
Wright-Patterson A i r  Force Base 
Dayton, Ohio 45433 
Attn: T. Cooper 

Aeronautical  Systems Divis ion 
Wright-Patterson A i r  Force Base 
Dayton, Ohio 45433 
Attn: L ib ra r i an  

Aeronautical  Sys t e m s  Divis ion 
Wright-Patterson A i r  Force Base 
Dayton, Ohio 45433 
Attn: John L. Morris 

Army Ordnance Frankford Arsenal 
Bridesburg S t a t i o n  
Ph i l ade lph ia ,  PennsyLvania 19137 
Attn: Librar ian  

Bureau of Ships 
Department s f  t he  Navy 
Washington, D. C. 20225 
Attn: L ib ra r i an  

Bureau o f  Weapons 
Research & Engineering 
Material Divis ion 
Washington, D. C. 20225 
Attn: L ib ra r i an  

U. S. Atomic Energy Commission 
Technical Reports L i b r a r y  
Washington, D. C. 20545 
Attn: J. M. O'Leary 

U, S. Atomic Energy Commission 
P. 0. Box 1102 
E a s t  Har t ford ,  Connecticut 06108 
Attn: H. Pennington 

Cane1 P r o j e c t  Of f i ce  

U. S. Atomic Energy Commission 
Germantown, Maryland 20767 
Attn: Col. E. L. Douthett  

SNAP 50/SPUR P r o j e c t  Off ice  

U. S. Atomic Energy Commission 
Germantown, Maryland 20767 
Attn: H. Rochen 

SNAP 5O/SPUR P r o j e c t  Off ice  

-94- 



U, S, A t o m i c  Energy Commission 
Germantwon, Maryland 20767 
Attn: Socra tes  Chris topher  

U, S, Atomic Energy Commission 
Germantown, Maryland 20767 
Attn: Major Gordon Dicker 

SNAP 50/SPUR P r o j e c t  Off ice  

U. S. Atomic Energy Commission 
Technical  Information Serv ice  Extension 
P. 0. Box 62 
Oak Ridge, Tennessee 37831 

U. S. Atomic Energy Commission 
Washington, D, C. 20545 
Attn: M. J. Whitman 

Argonne Nat ional  Laboratory 
9700 South Cross Avenue 
Argonne, I l l i n o i s  60440 
Attn: L ib ra r i an  

Brookhaven National Laboratory 
Upton, Long I s l a n d ,  New York 11973 
Attn: L ibrar ian  

Oak Ridge Nat ional  Laboratory 
Oak Ridge, Tennessee 37831 
Attn: W, C. Thurber 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37831 
Attn: D r ,  A. J. Milker 

Oak Ridge Nat ional  Laboratory 
Oak Ridge, Tennessee 37831 
Attn: L ib ra r i an  

Off i c e  of Naval Research 
Power Divis ion 
Washington, D. C. 20225 
Attn: Librar ian  

U, S. Naval Research Laboratory 
Washington, D. C. 20225 
Attn: L ib ra r i an  

Advanced Techno logy Labora tor ies  
Div is ion  of American Standard 
369 Whisman Road 
Mountain View, C a l i f o r n i a  94040-2 
Attn: L ib ra r i an  

Aerojet General Corporat ion 
P, 0, Box 296 
Azusa, C a l i f o r n i a  91702 
Attn: L ib ra r i an  

Aerojet  General Nucleonics 
P. 0. Box 77 
San Ramon, C a l i f o r n i a  94583 
Attn: L ib ra r i an  

AiResearch Manufacturing Companu 
Sky Harbor Airpor t  
402 South 37th S t r e e t  
Phoenix, Arizona 85000 
Attn: L ib ra r i an  

AiResearch Manufacturing Company 
Sky Harbor Airpor t  
402 South 36th S t r e e t  
Phoenix, Arizona 85000 
Attn: E.  A. Kovacevich 

AiResearch Manufacturing Company 
9851-9951 Sepulveda Boulevard 
Los Angeles, C a l i f o r n i a  90045 
Attn: Librar ian  

Armour Research Foundation 
10 W. 35th S t r e e t  
Chicago, I l l i n o i s  60616 
Attn: Librar ian  

Atomics I n t e r n a t i o n a l  
8900 DeSoto Avenue 
Canoga Park ,  C a l i f o r n i a  91303 
Attn: L ib ra r i an  

Avco 
Research and Advanced Development 

201 U w e l l  S t r e e t  
Wilmington, Massachusetts 01800 
Attn: L ib ra r i an  

Department 

-95- 



Babcock and Wilcox Company 
Research Center 
A l l i ance ,  Ohio 44601-2 
Attn: L ib ra r i an  

Battelle Memorial I n s t i t u t e  
505 King Avenue 
Columbus, Ohio 43200 
Attn: C. M. Allen 

Battelle Memorial I n s t i t u t e  
505 King Avenue 
Columbus, Ohio 43200 
Attn: L ib ra r i an  

The Bendix Corporat ion 
R e  search  Laborator ie  s D i  v. 
S o u t h f i e l d ,  D e t r o i t ,  Mich. 48200 
Attn:  L ib ra r i an  

The Boeing Company 
S e a t t l e ,  Washington 98100 
Attn: L ib ra r i an  

Brush Bery l l ium Company 
Cleveland,  Ohio 44135 
Attn: L ib ra r i an  

Carborundum Company 
Niagara F a l l s ,  New York 14300 
Attn: L ib ra r i an  

Chance Vought A i r c r a f t ,  Inc.  
P. 0. Box 5907 
Dallas 22 ,  Texas 75222 
Attn: L ib ra r i an  

C lev i  te Corporat ion 
Mechanical Research Divis ion 
540 Eas t  105th S t r e e t  
Cleveland,  Ohio 44108 
Attn: M r .  N. C. Beerli 

P r o j e c t  Adminis t ra tor  

Climax Molybdenum Co. of Michigan 
D e t r o i t ,  Michigan 48200 
Attn: L ib ra r i an  

Convair As t ronaut ics  
5001 Kerrny V i l l a  Road 
San Diego, C a l i f o r n i a  92111 
Attn: L ib ra r i an  

Cruc ib le  S t e e l  Co. of America 
P i t t s b u r g h ,  Pennsylvania 15200 
Attn: Librar ian  

Curtiss-Wright Corporat ion 
Research Divis ion 
Tuehanna, Pennsylvania 
Attn: L ib ra r i an  

E. I. duPont de Nemours and Co., Inc. 
Wilmington, Delaware 19898 
Attn: L ib ra r i an  

E lec t ro -op t i ca l  Systems, Inc.  
Advanced Power Systems Divis ion 
Pasadena, C a l i f o r n i a  91100 
At tn :  L ib ra r i an  

Fans tee l  Me ta l lu rg ica l ,  Corp. 
North Chicago, I l l i n o i s  60600 
Attn: L ib ra r i an  

F i r t h  S t e r l i n g ,  Incorporated 
McKeesport, Pennsylvania 
At tn :  L ib ra r i an  

Ford Motor Company 
Aeronutronics 
Newport Beach, C a l i f o r n i a  92660 
Attn: L ib ra r i an  

General Atomic 
John Jay  Hopkins Laboratory 
P. 0. Box 608 
San Diego, C a l i f o r n i a  92112 
Attn: L ib ra r i an  

General Electr ic  Company 
Atomic Power Equipment Div. 
P. 0. Box 1131 
San Jose ,  C a l i f o r n i a  

-96- 



General Electric Company 
Missile and Space Vehicle Dept. 
3198 Chestnut S t r e e t  
Ph i l ade lph ia ,  Pennsylvania 19104 
Attn: L ib ra r i an  

General E l e c t r i c  Company 
V a l l e c i t o s  
V a l l e c i t o s  Atomic Lab. 
P leasanton ,  C a l i f o r n i a  94566 
Attn: L ib ra r i an  

General Dynamics/Fort Worth 
P. 0. Box 748 
F o r t  Worth, Texas 76100 
Attn: L ib ra r i an  

General Motors Corporation 
Al l i son  Div is ion  
Ind ianapo l i s ,  Indiana 46206 
Attn: L ib ra r i an  

Hamilton Standard 
Div. of United A i r c r a f t  Corp. 
Windsor Locks, Connecticut 
Attn: L ib ra r i an  

Hughs A i r c r a f t  Company 
Engineering Divis ion 
Culver C i t y ,  C a l i f o r n i a  90230-2 
Attn: L ib ra r i an  

Kennametal, Incorporated 
Latrobe,  Pennsylvania 
Attn: L ib ra r i an  

Latrobe S t e e l  Company 
Latrobe,  Pennsylvania 
Attn: L ib ra r i an  

Lockheed Missiles and Space Divis ion 
Lockheed A i r c r a f t  Corporation 
Sunnyvale, C a l i f o r n i a  
Attn:  L ib ra r i an  

Marquardt A i r c r a f t  Company 
P. 0. Box 2013 
Van Nuys, C a l i f o r n i a  
Attn: L ib ra r i an  

The Martin Company 
Bal t imore,  Maryland 21203 
Attn: L ib ra r i an  

The Martin Company 
Nuclear Divis ion 
P. 0 .  Box 5042 
Bal t imore,  Maryland 21220 
Attn: L ib ra r i an  

Martin Marietta Corporation 
Metals Technology Laboratory 
Wheeling, I l l i n o i s  

Massachusetts I n s t i t u t e  of Technology 
Cambridge, Massachusetts 02139 
Attn: L ib ra r i an  

Materials Research and Development 
Manlabs, Inc. 
21 E r i e  S t r e e t  
Cambridge, Massachusetts 02139 

Materials Research Corporation 
Orangeburg, New York 
Attn: L ib ra r i an  

McDonnell A i r c r a f t  
S t .  Louis ,  Missouri  63100 
Attn: L ib ra r i an  

MSA Research Corporation 
C a l l e r y ,  Pennsylvania 16024 
Attn: L ib ra r i an  

North American Aviat ion 
Los Angeles Divis ion 
Los Angeles , C a l i f o r n i a  90009 
Attn: L ib ra r i an  

Norton Company 
Worcester,  Massachusetts 01600 
Attn: L ib ra r i an  

P r a t t  & Whitney A i r c r a f t  
400 Main S t r e e t  
E a s t  Har t ford ,  Connecticut 06108 
Attn: L ib ra r i an  

-97- 



P r a t t  & Whitney Aircraft 
CANEL 
P. O m  BOX 611 
Middletown, Connecticut 06458 
Attn: L ib ra r i an  

P r a t t  & Whitney A i r c r a f t  Corporation 
Div is ion  of United A i r c r a f t  
CANEL 
P. Os BOX 611 
Middletown, Connect icut  06458 
Attn: Glen Wood 

Republic Aviat ion Corp. 
Farmingdale, Long I s l a n d ,  New York 
Attn: L ib ra r i an  

Rocke tdyne 
Canoga Park,  C a l i f o r n i a  91303 
Attn: L ib ra r i an  

S i n t e r c a s t  D i v ,  of Chromalloy Corp. 
West Nyack, New York 
Attn: L ib ra r i an  

S K F I n d u s t r i e s ,  Inc. 
Ph i l ade lph ia ,  Pennsylvania 19100 
Attn: L ib ra r i an  

Solar 
2200 P a c i f i c  Highway 
San Dlego, C a l i f o r n i a  92112 
Attn: L ib ra r i an  

Southweet Research I n s t i t u t e  
8500 Culebra Road 
San Antonio, Texas 78206 
Attn: L ib ra r i an  

Super ior  Tube Company 
Norristown, Pennsylvania 
Attn: Mr, A Bound 

Sylvanla  Electric8 Products ,  Inc, 
Chem, & Meta l lu rg ica l  
Towanda, Pennsylvania 
Attn:  L ib ra r i an  

Temescal Meta l lu rg ica l  
Berkeley, C a l i f o r n i a  94700 
Attn: L ib ra r i an  

Thompson Ramo Wooldridge, Inc. 
Caldwell  Res Center  
23555 Eucl id  Avenue 
Cleveland, Ohio 44117 
Attn: L ib ra r i an  

Thompson Ramo Wooldridge, Inc,  
Caldwell  R e s  Center  
23555 Eucl id  Avenue 
Cleveland, Ohio 44117 
Attn: G. J. Guarn ier i  

Thompson Ramo Wooldridge, Inc. 
New Devices Labora tor ies  
7209 P l a t t  Avenue 
Cleveland,  Ohio 44104 
Attn: L ib ra r i an  

The Timken Ro l l e r  Beafing Go. 
Canton, Ohio 44706 
Attn: L ib ra r i an  

Union Carbide Metals 
Niagara F a l l s ,  New York 14300 
Attn: L ib ra r i an  

Union Carbide S t e l l i t e  Corporation 
Kokomo, Indiana 
Attn: L ib ra r i an  

Union Carbide Nuclear Company 
P, 0. Box X 
Oak Ridge, Tennessee 37831 
Attn: X-10 Laboratory 

Records Department 

United Nuclear Corporat ion 
5 New S t r e e t  
White P l a i n s ,  New York 10600-5 
Attn: L ib ra r i an  

United Nuclear Corporat ion 
5 New S t r e e t  
White P l a i n s ,  New York 10600-5 
Attn: Mr. Albert  Weinstein 

Senior  Engineer 

-98- 



Universal  Cyclops S t e e l  Corp.  
Refractomet Divis ion Solon, Ohio 
B r i d g e v i l l e  , Pennsylvansa Attn: L ib ra r i an  
Attn:  C, P, Mueller 

Univers i ty  of Michigan 
Department of Chemical and Meta l lurg ica l  Attn: L ib ra r i an  

Engineering 
Ann Arbor, Michigan 48103 
Attn: L ib ra r i an  

Zirconium Corporation of America 

Wyman-Gordon Company 
North Graf ton,  Massachusetts 

Vanadium A l l o y s  S t e e l  Company 
Labrobe, Pennsylvania 
Attn: L ib ra r i an  

Vough t Ast ronaut ics  
P, 0,  Box 5907 
Da l l a s ,  Texas 75222 
Attn: L ib ra r i an  

Wah Chang Corporation 
Albany, Oregon 
Attn: L ib ra r i an  

Westinghouse Electric Corporation 
Astronuclear  Laboratory 
P. 0,  Box 10864 
P i t t s b u r g h ,  Pennsylvania 15836 
Attn: L ib ra r i an  

Westinghouse Electric Corp. 
Materials Mfg, Division 
-2 Box 25 
B l a i r s v i l l e ,  Pennsylvania 
Attn: L ib ra r i an  

Westinghouse E l e c t r i c  Corp. 
Ma te r i a l s  Mfg. Divis ion 
RD#2 Box 25 
B l a i r s v i l l e ,  Pennsylvania 
Attn: F, L, Ocrell 

Wolverine Tube Divis ion 
Calumet  & Hecla, Inc, 
17200 Southf le ld  Road 
Allen Park,  Michigsn 
Attn: M r .  Eugene F, Hi l l  

-9 9- 


